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In this thesis, three experiments were carried out to assess the effect of straw or sewage 
sludge on soil P pools and plant P uptake.  
To assess the impact of straw and inorganic P amendment on P pools and wheat growth, 
barley straw (C/P 255) was added to a loamy sand alone or with inorganic P to reduce the C/P 
ratio to 127 or 25 (straw treatments). Other treatments included inorganic P alone at the 
same rates as in the straw treatments. P pools increased with P addition rate and were higher 
with inorganic P alone than straw treatments except MBP which was greater in the straw 
treatments. Wheat growth for 5 weeks reduced HCl P, phosphatase P, citrate P and CaCl2 P. 
Barley straw was added into another set and after three weeks incubation. Straw addition 
also reduced HCl P and citrate P but increased phosphatase P, CaCl2 P and MBP. It can be 
concluded that P pools are affected mainly by P addition rate whereas the form in which P is 
added is less important.  
To assess the effect of longer term P fertilisation on P pools and the influence of straw 
addition and plant growth, two experiments were carried out with silt loam which had been 
amended with 0, 10 and 20 kg P ha-1 a-1 for 7 years (referred to 0P, 10P and 20P). In the first 
experiment, soil was incubated for 4 months without or with 5 g kg-1 barley straw (C/P 255). 
After 4 weeks of wheat growth in 10P and 20P, citrate P was 25% higher and HCl P 25% lower 
than before planting. Plant P uptake was higher with straw which indicates that microbial 
biomass P is an important P source for plants. In the second experiment, wheat was grown 
for 5, 10 and 15 weeks in unamended soils from the field trial. After 10 and 15 weeks, HCl P 
and citrate P in 10P and 20P were reduced by 20% compared to the start.  
In the third experiment, a loamy soil was amended with the same amount of N and P (43 mg 
P kg-1 soil and 60 mg N kg-1 soil) as sludge and inorganic nutrients. Sludge or inorganic N and 
P were added either alone (100S and 100F), or 75% S+25% F, 50% S+50% F and 25% S+75% F. 
Before planting, HCl and citrate P was about four-fold higher in amended treatments than the 
control. Leachate N increased with proportion of F and leachate P with >50% sludge was 
higher than in the control. After 5 weeks of growth compared to the control, shoot P uptake 
was about 50% higher in 100S and 75S25F and three-fold higher in treatments with 50% F. 
HCl P in amended treatments was lowest in 100F. Citrate P was higher in treatments with 
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50% sludge than in 100F. Leachate inorganic P was lowest in 100S and increased with 
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Structure of this thesis 
______________________________________________________________________________ 
The thesis is organised into 5 chapters and is presented as a combination of papers that have 
been published and unpublished work written in a manuscript style. This chapter also includes 
the proposed objectives of the research presented in this thesis 
Chapter 1 provides an overview of the literature review on the characteristic of P and 
transformation of soil P pools 
Chapter 2 comprises a paper published in the Journal of Soil Science and Plant Nutrition. It 
describes the effect of soil amendments on P pools and the depletion by plants and microbes. 
Chapter 3 describes a paper published in the Journal of Soil Science and Plant Nutrition. It 
consists of the effect of long-term P fertilisation and the influence of straw addition and plant 
growth on soil P pools. 
Chapter 4 comprises an unpublished work using sewage sludge combined with inorganic P 
and N fertiliser to access their effect on soil P pools, P leaching and plant P uptake. 







































 1. Introduction and literature review 
 
1.1 Introduction   
Phosphorus (P) is an essential nutrient for plant growth and influences the productivity and 
health of terrestrial and aquatic ecosystems (Condron & Schjonning, 2004). Phosphorus (P) is 
a structural component of the nucleic acids, coenzymes, phosphoproteins, ATP and 
phospholipids. In general, P deficiency stimulates root growth, particularly the development 
of lateral or fibrous roots (Gahoonia & Nielsen, 2004). At low P supply, plants can be stunted, 
thin stemmed and spindly with  dark or bluish-green leaves (Sharpley & Tunney, 2000). Since 
a large proportion of P in soil is poorly available to plants (Holford, 1997), P deficiency is one 
of the main constraints to crop growth and production (Vance et al., 2003). Therefore, it is 
often necessary to apply soluble sources of P, for example fertilizers, to soils in order to 
increase the P available to plants. However, following its application P often rapidly 
undergoes fixation, sorption and complexation within the soil and transformation into the 
organic pool (Richardson, 2001, Schachtman et al., 1998) rendering it unavailable for plant 
uptake. Therefore, P fertilizer addition often has to be higher than crop demand (George et 
al., 2016) and consequently results in high fertilizer costs for the grower/farmer because large 
amounts of fertilizer need to be applied. Furthermore, this can also become problematic 
when the applied P is not taken up by the plant. Phosphorus may be leached or removed in 
runoff and can result in eutrophication of waterways (Frossard et al., 2000).  
Economic and environmental risks associated with the overuse of P fertilisers have led to use 
of alternative P sources such as manures, crop residues and compost. Organic soil 
amendments can directly increase P available for plant uptake in soil through P contained in 




increasing P mobilisation and decreasing P fixation (Ayaga et al., 2006, Khan et al., 2009, Khan 
& Joergensen, 2009) through the production and release of organic acids during 
decomposition, stimulation of microbial activity or blocking of P fixing sites on soil particles. 
Organic acids released from crop residues or organic matter can increase P concentration by 
competing for P sorption sites (Iyamuremye et al., 1996) and chelation of Al and Fe in the soil 
solution which in turn reduces the precipitation of P (Fox & Comerford, 1990). Organic 
materials such as plant residues with a C/P ratio less than 300 are likely to induce net P 
mineralisation, while a C/P ratio >300 may induce P immobilisation (Brady & Weil, 2002, 
Alamgir et al., 2012). It has been shown that crop residues are an important source of P for 
crops, but little is known about how addition of residues and inorganic P affects P pools and 
P uptake in wheat.  
This literature review will discuss P cycling in relation to the addition of inorganic P and 
organic amendments and plant P uptake.  
1.2. Role of P in plants and P transport in plants 
Phosphorus plays an essential role in plant cells and P-deficiency results in a spindly habit, 
acute leaf angles, suppression of tillering, prolonged dormancy, early senescence and 
decreased size or number of flowers and buds (Marschner & Rengel, 2012, Bergman, 1992). 
The appearance of dark green or blue-green older leaves is one of the first symptoms of P 
deficiency. Under P deficiency, sucrose and starch accumulate in leaves which reduces the 
expression of many genes involved in photosynthesis and decreases photosynthesis (Martin 
et al., 2002). Anthocyanin is produced due to the high concentration of leaf sucrose and 
results in development of red, purple or brown pigments in leaves and along veins (Amtmann 




nucleic acids from UV damage and prevent chloroplasts from photo-inhibitory damage (Hoch 
et al., 2001).  
Phosphorus availability often limits plant growth in both natural and agricultural systems 
(Vance et al., 2003, Güsewell, 2004). Plant roots take up inorganic phosphate (Pi) as H2PO4- 
and HPO42- to a minimum P concentration of 10 µM (Schachtman et al., 1998) and plant 
available Pi in the rhizosphere soil solution is rapidly depleted due to the slow replenishment 
of Pi in the rhizosphere soil solution (Barber, 1995). Soil solution concentrations are low 
because of sorption of P to binding sites on soil particles, formation of poorly soluble P salts 
and complex organic P forms have to be solubilized or mineralized to release Pi available for 
plant uptake. The main pathways by which nutrients are delivered to the plant root are mass 
flow and diffusion. Mass flow, the convective flow of water to plant roots, accounts for less 
than 5% of the P plant demand (Lambers & Chapin III, 1998) with the remainder of P delivery 
through diffusion (Jungk, 1994; Olsen et al., 1962; Barber, 1962). Diffusion depends on the Pi 
concentration gradient between the bulk soil and root surface, which is created by Pi uptake 
by plant roots. When plant roots remove Pi from the soil solution, a zone of P depletion zone 
is formed around the plant root, and a concentration gradient develops between the zone of 
depletion and the bulk soil (Syers et al., 2008) resulting in the net movement of P towards the 
plant root. However, the delivery of Pi by diffusion is too slow to meet plant demand which 
results in depletion of P in the rhizosphere. The rate of diffusion is related to the effective 
diffusion coefficient which is controlled by soil water content and depends on soil buffer 
capacity (Bhadoria et al., 1991). The extent of the depletion zone also depends on soil water 
content. Gahoonia et al. (1994) showed that the extension of the depletion zone was smaller, 




Many plant species in P-limited environments have a number of adaptive features which 
enhance the acquisition of P from soil (Vance et al., 2003) for example changes in cellular 
metabolism and root morphology. Root morphology can be modified to explore the soil 
volume effectively and exploit localized patches of high Pi availability (Vance et al., 2003, 
Raghothama & Karthikeyan, 2005). Further, roots can increase P availability by acidification 
of the rhizosphere, exudation of organic anions and phosphatases or mycorrhizal associations 
(Ryan et al., 2001). 
1.3. Forms of P in soil  
Total P concentration in soils is high, from 200 to 3000 mg P kg-1 with older soils containing 
lower P and younger soils containing higher amounts of P (Tiessen, 2008, Harrison, 1987). 
However, only a small proportion of P is in soil solution which is immediately available to 
plants. Soil solution P concentration is commonly 1 µM (Richardson et al., 1994) but can be 
up to 5 µM (Conyers & Moody, 2009). Soil P can be divided into two groups, organic P (Po, 
from 20% to 80% total P) and inorganic P (Pi, 35% to 70% total P) (Brady & Weil, 2002, 
Harrison, 1987). The predominant forms of Pi in acid soils are Fe or Al phosphates, in alkaline 
soils Ca phosphates account for the main proportion. The main forms of Po are mono and di-
ester orthophosphates (e.g. phytate, DNA, RNA) and soil microbial biomass (Turner et al., 
2002a). A large proportion of the P in soils has been found to exist in an organic form-the 
similar form to that found in living organisms (Potter & Benton, 1916) although fluxes of P 
through soil organic matter remain unclear since only a small amount of soil organic P has 
been identified as biomolecules of low molecular weight (e.g inositol hexakisphosphates) 
(McLaren et al., 2015b, Condron et al., 2005). Phospholipid and nucleic acids which are the 




persistent forms- inositol phosphates- the stable pool of soil organic P (Turner et al., 2002b). 
Phytate (myo stereoisomer of inositol hexakisphosphate), which is mainly found in the seeds 
of plants, accumulate in soil as the ability to bind to soil particles (Turner et al., 2002b). The 
component of soil organic P is large and complicated which requires a more novel technique 
such as 31P NMR spectra of soil extracts (Vincent et al., 2012, Doolette et al., 2010, Doolette 
et al., 2011b).  
The mobility and behaviour of Pi and Po vary and depend mainly on soil properties (soil pH, 
redox potential, soil moisture, temperature, physical chemical and surface properties (Shen 
et al., 2011)) and environmental conditions such as rainfall. For example P can be lost from 
soil by runoff, leaching or erosion (Sharpley et al., 2000). Seasonal changes in P fractions may 
provide some information on their bioavalability (Chen et al., 2003). Some studies of Perrott 
et al. (1990), Carelli et al. (2000) have found that the level of NaHCO3-Po in grassland and 
forest soils were greater but that of inorganic P fractions (bicarbonate extractable Pi and total 
Pi) were lower during autumn-winter than spring-summer which indicates that mineralization 
of NaHCO3-Po has been enhanced to meet the plant P demand in spring and summer while 
the accumulation of labile Po was increased by organic inputs and slow growth of plants and 
low microbial activity in late autumn and winter (Yeates, 1997). 
Pi and Po in soils are present in different pools which can be classified according to their 
availability. These pools are available P, labile P and non-labile P.  
Available P is present in the soil solution as orthophosphate anions which can be immediately 
utilized by plants. Depending on the pH of the soil solution, Pi is present as H2PO4- (acidic 
conditions) or HPO42- (alkaline conditions) where the former is the favourable form for plants 




requires replenishing from labile P pools. Available Pi from fertilizers is soluble for a short time 
only before it is fixed or absorbed on clay particles or Fe/Al oxides/hydroxides. Organic 
amendments can provide available P by releasing Pi in the residue before decomposition and 
by mineralization of organic P. 
Labile P is P that is less readily extractable and bound to soil particles or adsorbed to internal 
surfaces but can become plant-available. Labile Pi is released into the soil solution by 
solubilization and mobilization of adsorbed Pi, mineralization of Po, and turnover of the 
microbial biomass. As the available P concentration is low, labile P is the main pool of plant 
available P. Therefore, the ability to replenish soil solution P from labile P pools plays a vital 
role in providing P to plants and soil microbes. Labile absorbed Pi is in equilibrium with Pi in 
the soil solution (Holford, 1997). Labile Po is mostly in fresh residues and other Po forms such 
as adenosine phosphates (ATP, ADP, AMP), sugar phosphates and DNA, RNA. Labile Po can be 
released by enzymes such as phosphatases and phytase which hydrolyse P. Soil microbial 
biomass P (0.5-2.6 % of total soil P), a potentially important source of available P pool, is 
released through cell death and mineralization.  
Stable P is occluded or strongly adsorbed to Fe/Al oxides/hydroxides or organic matter and 
therefore unavailable to plants. Inorganic P is strongly bound to soil particles or part of the 
soil mineral complex where it is either slowly exchangeable or non-exchangeable (Syers et al., 
2008). Findings of Crews et al. (1995) demonstrated that predominant primary Ca-P in the 
parent soil was rapidly transformed by weathering into secondary adsorbed and mineral 
forms of inorganic P associated with Al and Fe and with further weathering, the secondary P 
was transformed to more recalcitrant occluded P forms. At low pH, variscite and strengite are 




dominant (Savant & Racz, 1973). Stable organic Po is resistant to mineralization by 
microorganisms (recalcitrant compounds) (Griffin et al., 2003). The chemical nature of Po is 
elusive but it has been suggested to be polymeric molecules of high molecular weight 
containing P in monoester linkages (Doolette et al., 2011b, Doolette et al., 2010, Doolette et 
al., 2009, Smernik & Dougherty, 2007)  such as inositol phosphates, especially myo-inositol 
hexakisphosphate (phytate) and to a lesser extent scyllo-inositol hexakisphosphate which are 
synthesized by plants and microbes (Dalal, 1977, Turner et al., 2002b). Phytate is negatively 
charged and is therefore bound tightly to soil particles which makes it poorly available to soil 
microbes (McKercher & Anderson, 1989). Phytate (or myo-Inositol hexakisphosphate and 
lower phosphomonoesters of inositol) was thought to account for up to 80% of total Po soil 
(Koopmans et al., 2003, Dao, 2004). Previous studies reported that phytate can be mineralized 
by micro-organisms (Hill et al., 2007), become stabilized with time binding to soil surfaces 
(Celi et al., 1999) or form insoluble metal complexes (He et al., 2006). 
However, other studies have found that that inositol phosphates constitutes a relatively small 
fraction of total Po, less than 15% in Australian soils (Cosgrove, 1963) which was similar to 
recent study of Doolette et al. (2011a) on 18 Australian soils using NMR.   
The concentration of soil organic phosphorus varies, depending on elevation and climate 
(Chatterjee & Jenerette, 2015) because these factors influence not only plant P input but also 
soil microbial breakdown and transformation of organic P. For example, low temperatures 
and dry conditions,  very wet conditions or acidic soils reduce plant growth as well as microbial 
activity (Van Meeteren et al., 2007, Hollings et al., 1969). Sumann et al. (1998) showed that 
the concentration of organic P decreased with increasing temperatures but increased with 




climate. In soils with limited microbial activity due to cold and wet conditions, 
phosphomonoesters comprised the largest Po (83%) and trace amount of neo- and D-chiro-
isomer of phytate (Zech et al., 1987, Gil-Sotres et al., 1990) which were absent in organic P  of 
warm and dry Australian soils (Doolette et al., 2017). 
1.4. P amendments and the fate of added P in soil 
Phosphorus can be added to soil as inorganic fertiliser or organic amendments such as 
manures and crop residues. To improve crop production, farmers mainly rely on the 
application of inorganic P fertiliser which is easily absorbed to clay minerals, sesquioxides and 
organic matter or minerals (Holford, 1997). In Australia, superphosphate fertilisers have been 
used for more than 100 years as a main source of Pi in agricultural system (Glendinning, 2000). 
Phosphate rock (PR), a natural source of P which is mined commercially, is used as the raw 
material in fertiliser manufacture or can be applied directly to soil in broad acre agriculture. 
PR is usually carbonate-fluoro-apatite, Ca10 (PO4, CO3)6 F2-3 or carbonate-hydroxyl-flour-
apatite, Ca10(PO4, CO3)6 (OH,F)2-3. There are four major types of P resources mined in the 
world, P deposits include marine, igneous , metamorphic and biogenic (Van Straaten, 2002). 
The solubility of sedimentary PR is higher than rocks of igneous (from lava or magma) and 
metamorphic origin (Rajan et al., 1996) and carbonate substituted PR is more soluble than 
pure flouro-apatite containing little or no carbonate (Chien & Hammond, 1978). The ability of 
PR to supply P to plants depends on the rate of dissolution (Rajan et al., 1992) which, in turn, 
depends on soil parameters such as pH (Kanabo & Gilkes, 1987), their chemical composition, 
the particle size of the PR (Smyth & Sanchez, 1982, Khasawneh & Doll, 1979), soil calcium 




varies, for example pure flour-apatite contains 42% P2O5 and francolite (the carbonate-
substituted form of apatite) contains 34% P2O5. 
Organic amendments such as manures and plant residues can also be used to increase crop P 
availability. Therefore, returning crop residues to soil is important in P cycling. Application of 
crop residues and rock phosphate in field trip resulted in higher cereal yields and cereal P 
uptake than that of rock phosphate alone (Sharma & Prasad, 2003, Waigwa et al., 2003). After 
applying organic amendments, P availability depends on soil properties, cropping systems, 
climate conditions, organic amendment properties which influence the rate of residue 
decomposition, P release and microbial immobilization. Organic amendments not only add P, 
but also improve soil aggregation, increase microbial biomass and improve soil structure and 
water holding capacity (Haynes 1984).  
It has been shown that 15% of shoot P uptake can be from plant residues which demonstrates 
that P derived from crop residues plays a vital role in P cycling in the soil-plant system (Noack 
et al., 2014). Plant residues contain both Pi and organic P (Po) which have a variety of 
pathways for transfer into soil P pools (Noack et al., 2012). Residue P can be released directly 
to soil as soluble orthophosphate which plants can use immediately, transform into labile or 
non-labile soil P pools or taken up by micro-organisms (Noack et al., 2014). For example, 
Martin and Cunningham (1973) reported rapid release of orthophosphate from plant residues 
(wheat roots) which was about 85% of total P- detected as. This Po pool is available to plants, 
micro-organisms and can be adsorbed to soil particles (Noack et al., 2012).  
Sewage sludge is another organic amendments which also improves soil structure, physical 
properties such as aggregation, crusting, bulk density, pore size distribution (Kladivko & 




sludge as P fertiliser, it is important to understand P forms in the sewage sludge and their 
effect on soil P pools (Huang et al., 2008). Sewage sludge contains high proportions of labile 
P forms as inorganic phosphorus and non-apatite inorganic phosphorus which are associated 
with oxides and hydroxides of Al, Fe, Mn (González Medeiros et al., 2005). The organic P forms 
in sewage sludge include inositol phosphate, phospholipids, nucleic acids, phosphoproteins, 
various sugar phosphates (Maguire et al., 2001, Frossard et al., 1994). Huang et al. (2008) 
used Hedley fractionation to estimate Po and Pi in biosolids and found that the main P fraction 
was HCl-P (35%) followed by NaHCO3-P (20%), water soluble P (12%), residual P (11%) and 
that Pi was the main P form in the NaHCO3-P and water soluble P fractions. He et al. (2010) 
reported that organic P accounted for 24% of total P or 44.6% in HCl fraction. These findings 
suggest that sewage sludge could be a short and long-term source of P for plants.   However, 
there are also limitations to sewage sludge application such as a high concentrations of heavy 
metals and toxic organic compounds, excess of labile organic matter and leachable P or 
pathogenic micro-organisms (McLaren et al., 2004, McBride, 2003).  
1.5. The fate of P amendments in soil and their consequences for P availability to crops   
The fate of Pi fertilizers depends on soil properties, including pH, water content, temperature, 
clay content and other environmental conditions like size and activity of microbes, organic 
matter content, P adsorption capacity and time (Nziguheba et al., 2000, Nziguheba et al., 
1998). Rock phosphate provides only 10-20% soluble P directly to plants in the year of 
application and less than 50% in the following year (Bolland & Baker, 1998). Inorganic P in the 
soil solution can be quickly adsorbed to soil particles or react with Al and Fe in acidic soil or 
with Ca in alkaline soil to form poorly soluble compounds (Wang et al., 2007a). Continuous 




kg-1 yr -1) and Pi pools (Dalal, 1997) but the decrease of Po was smaller than that of Pi pools 
(Wang et al., 2007b, McLaren et al., 2014). Therefore, managing P fertilizers in agricultural 
systems is important to maximise plant P uptake and reduce environmental issues and 
economic burden (Tunney et al., 1997). 
Plant residues and organic amendments in general, increase P availability by two processes. 
Firstly decomposition/ mineralization of tissues to release available P and secondly, by the 
release of P sorbed to soil particles by organic anions which are produced during 
decomposition. Depending on the P concentration of the organic amendment, it can induce 
either net mineralization or net immobilization by microbes. According to Singh and Jones 
(1976) organic materials with C/P ratio <200 can cause net mineralization and increase 
available P in soil solution whereas organic materials with C/P ratio > 200 will result in net 
immobilization. However, P which is immobilized in the microbial biomass can become 
available to plants through the turnover of the microbial biomass (Singh et al., 1989). 
Decomposition of organic materials produces dissolved organic anions which can displace P 
from sorption sites, their affinity to P binding sites decreases in the following order 
oxalate>citrate>malate>>acetate (Shen et al., 1996). Other processes by which organic acid 
anions increase P availability include metal complexation, dissolution of Fe and Al oxides and 
by increasing the negative charge of soil particles which reduces P binding capacity 
(Easterwood & Sartain, 1990). Humic and fulvic acids produced during humification of organic 
matter can also reduce P adsorption of P and release P to soil (Sibanda & Young, 1986, Parfitt 
et al., 1977).  
Most experiments on the effect of P amendments are short, lasting only one or two crop 




farmers usually repeatedly apply fertilisers over many years in order to meet plant P 
requirements (Zhang & MacKenzie, 1997, Eichler‐Löbermann et al., 2007, Ye et al., 2019, Jing 
et al., 2019). Therefore, long-term fertilization trials are useful to evaluate the effect of farmer 
practice on P pools and soil properties (Wang et al., 2007a, Laboski & Lamb, 2003). Compared 
to short P amendment experiments, long-term trials are likely to create more stable inorganic 
and organic P pools and better reflect P availability to crops. With a rate that is higher than 
that removed from the system, more than 50% of P added can be recovered in the upper 
layers of soil profile (McLaren et al., 2015a, Simpson et al., 2015) but the levels of Po may not 
be affected (Cade-Menun et al., 2017, Tian et al., 2017). The studies of Schefe et al. (2015) 
indicated that there is no consistent relationship between soil P fertility and organic P 
sequestration in the Australian pasture system soils. However, a 37-year grazing experiment 
to identify the chemical nature of Po in soils indicated that accumulation of P in the organic 
fraction eventually reaches a new equilibrium above which further P addition does not 
increase Po (McLaren et al., 2019). Another long-term trial in New Zealand found that Po pool 
increased over time but was accompanied by a decrease in Pi indicating that overtime 
inorganic P forms were converted to Po (Dodd et al., 2013). Thus availability of Po to plants 
may be important for sustainability of pastures (McLaren et al., 2019). 
1.6. Plant strategies to increase P uptake 
There are several strategies plants can implement to increase P uptake. 
1.6.1. Root morphology  
The diffusion rate of P is very slow, a millimeter per day (Barber, 1962, Barber, 1995, Hinsinger 
et al., 2005, Lewis & Quirk, 1967) which makes P the most immobile or least bioavailable 




the soil volume (Bates & Lynch, 1996). Root hairs are subcellular extensions from the root 
epidermis that increase the absorptive surface area of the root, allowing roots to explore a 
greater soil volume. By applying  P33 to rape seedlings, Bhat and Nye (1973) showed that root 
hair length and density were higher under P deficient conditions. Similarly, root hair density 
increased five-fold compared to the control at low P availability (Ma et al., 2001). In a 
subsequent experiment Bhat and Nye (1974) also showed the role of root hairs in increasing 
the extent of the Pi depletion zone around roots. When transplanted from soil with high 
available P to soil with low P availability, root hair length in Arabidopsis thailiana doubled. On 
the other hand, when transplanted from a low to high-P soil, root hair length halved (Ma et 
al., 2001). Root hairs also improve dispersion of exudates such as citrate, malate, carboxylates 
which are important for mobilization of P in the rhizosphere (Ryan et al., 2001).  
1.6.2. Root exudation  
Organic anion exudation from plant roots is related to nutrient deficiency, particularly P or 
exposure to toxic cations, for example Al3+ (Jones & Darrah, 1994). The large electrical 
potential difference across the plasma membrane of plant cells ensures the electrochemical 
gradient for organic anion release without the direct expenditure of energy (Ryan et al., 2001). 
Organic acid anion release is likely regulated by both synthesis and transport across the 
plasma membrane (Ryan et al., 2001). Organic anions compete with phosphate for binding 
sites (e.g. Fe or Al oxides) in the soil (Jones & Darrah, 1994), particularly tricarboxylates 
because they form more stable ligand-metal complexes than di- and mono-carboxylates 
(Bolan et al., 1994, Hue et al., 1986). Bound organic anions can also block P sorption sites. 
Cluster roots, e.g. of white lupin, have very high organic anion exudation rates under P 




sativa) and rice (Oryza sativa) have low organic anion exudation rates even when growing in 
low P soil (Richardson et al., 2011, Richardson et al., 2009).  
1.6.3. Acidification  
Acidification of the rhizosphere can enhance the solubility and mobility of soil P, particularly 
that of calcium phosphate (Gahoonia et al., 1992). The ratio of ammonium to nitrate uptake 
can control rhizosphere pH (Gahoonia & Nielsen, 1992), thus affect the degree of P depletion 
in the rhizosphere (Bhat et al., 1976). When the cation ammonium is taken up, roots release 
protons (H+) into the soil solution which decreases the pH around the roots. Accordingly, 
when roots take up the anion nitrate it releases bicarbonate (HCO3) and hydroxide (OH-) 
which increases the pH around the roots. Depending on soil type, root-induced pH changes 
in the rhizosphere may have a negative or positive effect on nutrient uptake and plant growth. 
In neutral or alkaline soils, increased pH in the rhizosphere will reduce the availability of P 
while in acidic soils, pH increase (between pH 4  and 7) can increase P availability and reduce 
Al toxicity (Marschner et al., 1987, Lindsay & Moreno, 1960).  
1.6.4. Mycorrhiza  
Mycorrhizal fungi play an important role in P uptake of most plants primarily by increasing 
the soil volume from which P can be taken up (Read & Perez‐Moreno, 2003). Arbuscular 
mycorrhizal (AM) symbiosis are associations of plant roots with fungi that are generally 
beneficial for the plant. Mycorrhizae have been identified in thousands of plant species but 
there are only a few hundred fungal species (Redecker & Raab, 2006) and different plant 
biomes contain different types of mycorrhizal symbioses (Read & Perez‐Moreno, 2003) 
although most plants establish AM symbiosis (Baxter & Dighton, 2001). Hyphae of AM can 




plants acquire resources from zones beyond the direct reach of roots and root hairs. 
Mycorrhizae translocate P through the extra-radical mycelium and release P from the hyphae 
in the roots which can then be taken up by root cells. The acquisition of P by mycorrhiza is 
also enhanced because hyphae have a diameter of 5-30 µm and therefore penetrate smaller 
soil pores than roots that have diameters of 50-100 µm (Li et al., 1991). The density of  
mycorrhizal hyphae can be very high, 50 m hyphae/g soil, compared to root densities of 0.1m 
root/g (Schnepf et al., 2008). Phosphorus taken up by hyphae can be stored in the hyphae 
itself or transported into the plant as short-chain polyphosphates (Bücking & Heyser, 2003, 
Takanishi et al., 2009). Storage of P in hyphae decreases the  role of mycorrhiza in providing 
P to plants (Solaiman et al., 1999). 
There is no conclusive evidence that the presence of mycorrhizae influences the weathering 
rates of apatite (Hutchens, 2009). This may be because many soil microorganism are able to 
release Pi from apatite (Jones & Smith, 2004). Enzymes which are produced by 
ectomycorrhizal fungi can hydrolyze organic P (Read & Perez‐Moreno, 2003). Compared with 
non-mycorrhizal plants, the transfer of P to plants by Hebeloma syrjense accounted for 8% of 
the P added as organic material in 35 days, higher than in the of absence mycorrhizae  where 
it was only 1% of P added (Tibbett & Sanders, 2002).  
1.6.5. Rhizosphere microorganisms   
Many studies have examined the role of rhizosphere microbes on root growth as well as 
nutrient uptake by plants (Yang & Crowley, 2000, Khan et al., 2007). Microbial density in the 
rhizosphere is high due to the presence of root exudates, for example sugars, organic anions 
and amino acids which are easily decomposable and thereby increase microbial density and 




characteristics also affect rhizosphere communities (Carelli et al., 2000). A given plant species 
may have a similar rhizosphere community composition in different soils (Miethling et al., 
2000), but different plant species in the same soil often have distinct rhizosphere 
communities (Marschner et al., 2001). Rhizosphere microorganisms can either reduce plant 
available P by taking up P (immobilization), decomposing root exudates, inhibiting root 
growth or increase P by solubilizing poorly soluble inorganic P forms and mineralizing organic 
P  
1.7. The role of microbes in P cycling 
The available P pool is replenished by desorption of P which is adsorbed on the surface of clay 
minerals and through the decomposition or mineralization of labile organic P. Inorganic 
orthophosphate can be taken up by microbes (immobilization) thus reducing Pi in the soil 
solution. Mineralisation of Po by phosphatase or phytase released by microbes or plant roots 
is influenced by soil pH, water content, temperature and surface area of the soil particles 
(Shen et al., 2011, Oberson et al., 2005). At soil temperatures between 3 to 15oC, net 
mineralization increases with temperature (Schmidt et al., 1999). Soil water content controls 
microbial activity and is a major factor that determines the rates of mineralization (Paul et al., 
2003). At low water content, soil microbes accumulate organic and inorganic compounds 
which increases the osmotic potential inside their cells. When soils dry, substrate supply 
becomes increasingly limited as the pores drain and water films around aggregates become 
thinner and disconnected (Yan et al., 2015). 
Microorganisms are a pool of P in soil and carry out numerous important processes in the 
biogeochemical P cycle (Oberson et al., 2005). Acidification by microbes can release P when 




occurs at the same time in soil. Phosphorus immobilised in the microbial biomass is released 
into the soil solution when the microbes die (Dalal, 1977).  
Microbes release low molecular weight organic anions like gluconate and oxalate which 
compete with Pi for sorption sites, consequently increasing Pi solubility (Illmer et al., 1995). 
But microbes can also decompose organic anions (van Hees et al., 2002) and therefore 
decrease P mobilization in the rhizosphere. In addition to their effect on P cycling, 
microorganism affect the physical properties of soil by producing extracellular 
polysaccharides and other cellular debris which help maintain soil structure and stabilize soil 
aggregates, this in turn can increase root growth and therefore P uptake (Rice et al., 2004)..  
1.8. Methods to measure plant available P and P pools  
P dynamics and P bioavailability in natural or managed ecosystems are determined by the 
complex interactions among inorganic, organic and microbial forms of P. Therefore, it is 
important to develop methods that can determine different forms of P in soil. Different 
extracting solutions can be used to determine plant available P which includes P in the soil 
solution and weakly adsorbed P. For example, dilute acids or acids buffered to certain pH 
values (e.g. H2SO4  acid (Truog, 1930), HCl acid (Bray & Kurtz, 1945) or mixture of two (Nelson 
et al., 1953)). In the Olsen or Colwell method, soil is shaken with 0.5 M NaHCO3. Bicarbonate 
releases P by two main mechanisms (i) anion exchange with bound P and (ii) formation of 
CaCO3 which reduces the concentration of Ca in solution and thereby promotes solubilization 
of Ca-P (Olsen et al., 1954). The Olsen and Colwell methods are best suited for alkaline soils. 
However, these method may not be suitable for strongly P-sorbing soils (Potter et al., 1991). 
Another method to determine plant available P is based on anion exchange membranes 




Phosphate anions in the solution are bound to the AEM which decreases solution P 
concentration and therefore triggers further P release from labile P forms. The AEM acts as 
sink for P in a similar manner as a plant root. After shaking, the AEM is rinsed and shaken with 
a dilute acid to release bound P which can then be measured. In a range of soils, the AEM 
method has been shown to have a high correlation with plant P uptake  and predicting wheat 
responses to fertilizers P application with 70% correct predictions compared to 55% in Colwell 
P method (Mason et al., 2010). Diffusive Gradients in Thin Films (DGT) has been used to 
predict crop response to P fertilizer application (Menzies et al., 2005) or wheat response to 
different forms of fertilizers (McBeath et al., 2007). Similar to the AEM principle, DGT 
technique uses a ferrihydrite gel as a sink for free P which continuously removes P from the 
solution which, in turn, induces replenishment of P from labile P forms into soil solution. The 
benefits of DGT compared with AEM are (1) less vulnerable to anionic interferences, pH, 
contact time between soil suspension and absorbent and changes in the soil:liquid ratio 
(Mason et al., 2008), (2) the diffusive layer in DGT limits the maximum flux of P from soil to 
the binding layer, (3) DGT can be put directly onto a saturated soil paste while AEM is 
deployed in soil suspension. However, the DGT method is time consuming and more studies 
are needed, for example on the impact of low soil water content and shorter incubation time 
to optimize its use (Mason et al., 2010, Mason et al., 2013). 
Microbial biomass accounts for 2-3% of total organic carbon in soil and microbial biomass P 
can be 3-5 times higher than plant P uptake in semi-arid grassland (Cole et al., 1977). There 
are different methods to measure microbial biomass P (Brookes et al., 1982, Hedley & 
Stewart, 1982, McLaughlin et al., 1986). In the method of Brookes et al. (1982), soils are 
fumigated with CHCl3 for 24 h. Then the soil is shaken with the Olsen extractant (0.5 M 




calculated by difference between Pi extracted by the Olsen solvent from CHCl3-fumigated soil 
and Pi extracted from unfumigated soil, divided by the conversion factor (kp) 0.4. The kp is 
used assuming that 40% of P in the biomass is extractable as Pi. In a study of McLaughlin et 
al. (1986) different biocides were compared. They found that fumigation with vapour is more 
effective than liquid. Hexanol and CHCl3 gave the largest flushes of 32P; advantages of hexanol 
are lower toxicity and easier handling compared to CHCl3. The AEM method of Kouno et al. 
(1995) can also be used to determine microbial biomass P. Instead of using CHCl3 vapour, 
Kouno et al. (1995) used liquid CHCl3 to release P from microbial cells. Soil is shaken with 
water and an AEM is used to extract available P and in parallel, soil is also shaken with water, 
AEM and CHCl3. The difference in P sorbed to the AEM between fumigated and unfumigated 
samples is microbial biomass P.  
Single extractions with NaHCO3 or NH4F can estimate plant available P (Bray & Kurtz, 1945, 
Olsen et al., 1954), but provide no information about other soil P forms. P fractionation 
schemes involve sequential extraction or multiple extraction in parallel with a series of 
reagents to dissolve different forms of P based on the nature and strength of interactions 
between P moieties and other mineral and organic components (Condron & Newman, 2011). 
In P fractionation schemes, a sequence of extractants to selectively dissolve various forms of 
P based mainly on the nature and strength of interactions between P moieties and other 
mineral and organic components. P fractionation schemes involve the extraction of “loosely 
bound P” with a salt solution (1M NH4Cl), followed by extraction of iron- and aluminium- 
bound P with a combination of alkali reagents (0.5M NaHCO3, 0.1 NaOH) which is then 
followed by extraction with acid (0.5M HCl, 0.5 M H2SO4) to recover calcium-bound P 
(Pierzynski et al., 2005). The most commonly used method is the Hedley procedure using 10 




extracted with different extractants. In the first step, soil is shaken in water with an anion 
exchange resin to determine available P. Then the soil is extracted with 0.5 M NaHCO3 for 
readily available P. This is followed by extraction with 0.1 M NaOH to extract P associated 
with iron and aluminium. Then, the sample is extracted with 1 M HCl to release P bound to 
Ca. Lastly, extraction with H2SO4 and H2O2 is used to determine residual P. The drawback of 
this method is that it is time consuming. More importantly, rhizosphere processes which 
solubilise P are not reflected in the method because it uses extractants that are unlikely to 
occur in soil (Johnson et al., 2003, Yang & Post, 2011). DeLuca et al. (2015) introduced a 
method to determine bioavailable P using four extractions in parallel: (1) 10 mM CaCl2 (soluble 
P); (2) phosphatase (enzyme extractable P); (3) 10 mM citrate (citrate extractable P) (4) 1 M 
HCl (mineral occluded P). These extractants are thought to represent P can be solubilized by 
plants or microorganism to assess P which is (1) soluble/intercepted by the root, (2) enzyme 
hydrolysable (3), chelate extractable or forms complexes with organic acids, and (4) released 
by proton excretion (acidification). This method is thought to be applicable over a wide range 
of soil pH values. However, it does not assess microbial biomass P.  
1.9. Conclusion and research gaps 
Many previous studies investigated the effect of organic amendments like plant residues and 
sewage sludge on P availability (Zebarth et al., 1999, Franzluebbers, 2002). Celik et al. (2004) 
determined the effect of combinations of inorganic fertiliser with organic amendments on 
stable inorganic P forms. However, little is known about the effect of combined inorganic P 
and organic amendments on potentially plant available P pools. Further, there are few studies 
that assessed changes in P pools over time after straw amendment or during plant growth. 




they are influenced by management. Therefore, the objective of this study was to understand 
the effect of the addition of inorganic P and organic amendments on soil P pools and plant 
growth.   
The underlying processes are shown in Figures 1 and 2. Figure 1 illustrates the effect of 
inorganic P and organic amendments on P pools and fluxes. Adding inorganic P can increase 
resin P in the soil solution which enhances microbial and plant P uptake but most of applied 
P is immobilized by adsorption into HCl labile P and citrate labile P pools. Resin P is directly 
accessible to plants and microbes. To assess HCl P and citrate P, plants and microbes release 
organic acids anions or protons. A proportion of organic P can be mineralized by phosphatases 
released by roots or microbes.  
Figure 2 illustrates the influence of microbes on P pools and fluxes. Microbes take up P from 
the soil solution, mineralize organic P through release of phosphatase and mobilize HCl P and 
citrate P by releasing organic acid anions and protons. Compared to unamended soil, addition 
of high C/P residue enhances microbial activity and P uptake leading to net P immobilization 
in the microbial biomass.  
Size of these P pools and how they change over time after straw addition and during plant 





Figure 1: P pools in soil amended with inorganic P and organic amendments and mechanisms 
by which plants and microbes access these pools. 
 
Figure 2: Influence of microbes on P pools in unamended soil (thin black arrows) and soil 
amended with high C/P straw (thick blue arrows).  
To fulfil the objectives of this thesis, the study aims to: 
1. Determine changes in P pools in soil amended with straw and inorganic P and the 




Palone or in combination with wheat straw. The effects of plants and microbes 
stimulated by straw addition on P pools were investigated.  
2. Using soil which had been subject to seven years of P fertiliser application, assess soil 
P pools and plant growth following incubation for four months with straw (Chapter 3). 
Soil that had received different P rates over seven years was used to assess the impact 
of four months incubation with wheat straw and subsequent plant growth on P pools. 
3. Determine the effect of combined application of sewage sludge and inorganic P on soil 
P pools and wheat growth (Chapter 4). Soil was amended with the same amount of N 
and P as sludge and inorganic nutrients alone or in combination and then planted with 
wheat to evaluate the effect on soil P pools, on P leaching and plant P uptake. 
Also included in this thesis are two appendices with additional experiments carried out during 
the PhD study. Appendix 1 describes the results of an experiment with different straw rates 
which provided useful information for the studies described in Chapters 2 and 3. Appendix 2 
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Abstract 
The aim of this study was to determine the effect of soil amendments on P pools and their depletion by plants 
and microbes. The experiment was divided into two parts. In Part A, barley straw (C/P 255) was added alone 
or with inorganic P to reduce the C/P ratio to 127 or 25 (straw treatments). In three other treatments, the same 
amount of P was added as in the straw treatments as inorganic P (fertilizer treatments). The soil was incubated 
for three weeks. Then (Part B), wheat was grown for five weeks in one set of soils. Barley straw was added to 
another set to increase microbial growth and incubated moist for three weeks. P pools were measured at the 
end of Part A and Part B. At the end of Part A all P pools increased with P addition rate. P pools were greater in 
the fertilizer than the straw treatments except for microbial biomass P (MBP) which was greater in the straw 
treatments. After wheat growth, HCl-P, phosphatase-P, citrate-P, CaCl2-P were depleted compared to Part A, 
MBP was higher. Addition of barley straw in Part B induced depletion of HCl-P, and citrate-P, but increased 
phosphatase-P, CaCl2-P and MBP. It is concluded that the size of the P pools is mainly influenced by P addi-
tion rate not form in which P is added. The impact of growing plants on P pools differs from that of microbes 
stimulated by high C/P straw addition.
Keywords: Accumulation, C/P ratio, depletion, P pools, straw
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1. Introduction
Phosphorus is an essential nutrient for all living or-
ganisms (Tiessen et al., 2011), but P fertilizer re-
sources are finite, therefore P management in crop-
ping systems is important for future food security. To 
optimize P management and improve P use efficiency 
an understanding of P pools and their changes in soil 
is necessary (Balemi and Negisho, 2012). In soils, 
P is present in different inorganic and organic pools 
with varying availability. Changes in P pools in the 
soil-plant system are a function of P transformations 
and utilisation which are affected by soil properties 
(Alamgir and Marschner, 2016, Chatterjee et al., 
2014)  rhizosphere, and plant processes (Pierzynski 
et al., 1990, Shen et al., 2011, Ciampitti et al., 2011). 
It has been shown that the effect of crop residues on 
P availability and P pools depends on their C/P ratio 
(Dalal, 1979). Crop residues with C/P > 200 induce 
net P immobilisation and depletion of P pools, resi-
dues with lower C/P ratio increase P availability and 
P pools (Alamgir et al., 2012). Maltais-Landry and 
Frossard (2015) found that residues or water-soluble 
P fertilizer added at 15 mg kg-1 had similar effects on 
microbial and resin P and plant P uptake. However, it 
is unclear if P added at different rates as combination 
of crop residues and inorganic P or inorganic P alone 
differ in their effect on soil P pools and subsequent 
changes in P pools induced by plants or microbes. 
Organic amendments are likely to increase microbial 
growth and synthesis of organic P forms whereas fer-
tilizer P may increase mainly inorganic P pools. But 
it is unclear if plants or microbes stimulated by straw 
addition differ in their influence on P pools in soil 
amended with organic or inorganic P amendments.
The Hedley P fractionation scheme is often used to 
assess soil P pools (Hedley et al., 1982). But it is time 
consuming and involves concentrations of extractants 
that are unlikely to occur in soils. DeLuca et al. (2015) 
recently introduced a simplified method to determine 
biologically available P pools. The method involves 
parallel extraction of soil with CaCl2, citrate, phos-
phatase and HCl. DeLuca et al. (2015) consider these 
pools as biologically available because roots or mi-
crobes may release organic acid anions, phosphatase 
or protons and thus access these pools. However, it is 
not clear if the pools assessed by the DeLuca method 
are indeed available to plants and microbes.
The aims of this study were to assess (i) changes in 
P pools after addition of P as high C/P cereal straw, 
cereal straw plus inorganic P to reduce C/P ratio or 
inorganic P alone, and (ii) changes in these P pools 
by plants or microbes stimulated by high C/P straw 
addition. The hypotheses were (1) at a given P ad-
dition rate, the treatments with straw will induce a 
higher concentration of phosphatase extractable P and 
MBP than the treatments with inorganic P only, and 
(2) subsequent plant growth will induce depletion of 
all P pools whereas stimulation of microbes by straw 
addition will lead to build-up of microbial and phos-
phatase extractable P.  
2. Materials and Methods
A loamy sand was collected from 0 to 10 cm on Waite 
Campus, The University of Adelaide, South Australia 
(Longitude 138° 38’E, Latitude 35° 6’S) which had 
been under permanent pasture over 80 years. The soil 
was used because previous studies had shown that P 
pools in this soil changed after amendment with or-
ganic materials (Elmajdoub, personal communication). 
The soil was dried at 40°C and passed through a 2 mm 
sieve. This temperature is not unusual because in South 
Australia, surface soils are often exposed to tempera-
tures exceeding 40°C during summer. The properties 
of the soil are as follows: pH 6.8 (1:5 soil/water); clay 
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25%; sand 37%; silt 37%; total P 302 mg kg-1; pH 
(1:5) 5.6, EC (1:5) 0.1 dS m-1, total organic C 17 g 
kg-1, total organic N 1.5 g kg-1, bulk density 1.3 g cm-
3, maximum water-holding capacity 349 g kg-1. The 
properties of the mature barley straw (finely ground 
and sieved to particle size of 0.25–2 mm) used in this 
experiment were: total P 1.6 g kg-1; total N 4.3 g kg-1; 
total C 408 g kg-1; C/P ratio 255 and C/N ratio 95. 
2.1. Experimental design
The soil was pre-incubated for 10 days at 50% water-
holding capacity. Previous studies with this soil had 
shown that at this water content soil respiration as 







Treatment name C/P ratio Barley straw* P added (mg kg-1) 
Control  - 0 
S255 255 + 0 
S127 127 + 32 
S25 25 + 288 
P255  - 32 
P127  - 64 
P25  - 320 
* P added with straw 32 mg kg-1 
Table 1. Treatment names, C/P ratio, barley straw and inorganic P added (mg kg-1). 
et al., 2015) and wheat grows well (Xue et al., 2016). 
The experiment included seven treatments with four 
replicates each. The control was unamended. There 
were three treatments with barley straw (20 g kg-1): 
only straw (C/P 255, P added with straw 32 mg kg-1), 
straw + KH2PO4 to adjust the C/P ratio to 127 or 25. 
No straw was added in the three fertilizer treatments, 
which received only KH2PO4 at the same amount of 
P as in the straw treatments (straw + inorganic P). 
For treatment names and inorganic P addition rates 
see Table 1. To provide sufficient N for straw decom-
position, all treatments received 1.3 g KNO3 kg
-1 soil 
to adjust the C/N ratio of the straw treatments to 30. 
Residues and inorganic nutrients were mixed thor-
oughly into the soil.
*P added with straw 32 mg kg-1
Then, two experimental units were set up. One unit 
in pots (400 g soil per pot) to assess changes in P 
pools after plant growth and a second unit in cores 
(30 g core) to determine changes in P pools by soil 
microbes. Cores were used because they have a mesh 
bottom to ensure adequate aeration. 
Soil (400 g dry weight equivalent) was placed in 1L 
pots lined with plastic bags. PVC cores with 3.7 cm 
diameter, 5 cm height and a nylon mesh base (7.5 µm, 
Australian Filter Specialist) were filled with 30 g soil 
(dry weight equivalent, bulk density adjusted to 1.3 
g cm-3). Pots and cores were incubated in the dark at 
22-25 °C for 21 days to allow formation of P pools. 
During incubation, soil moisture was maintained at 
50% of WHC by weighing pots and cores regularly 
and adding water if necessary. This 21-day period is 
referred to as Part A. The soil was incubated for three 
weeks because previous studies in our lab with the 
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same soil (Elmajdoub, personal communication) had 
shown that after organic amendments, the size of soil 
P pools increases for three weeks, but then remains 
stable. At the start of the following Part B, 10 pre-
germinated wheat seeds (Triticum aestivum L., variety 
Axe) were planted in the pots and then grown for five 
weeks in a glasshouse. The temperature in the glass-
house during the experiment ranged from 25 to 35 °C. 
For the cores, barley straw (10 g kg-1) was thoroughly 
mixed into the soil at the start of Part B to stimulate 
microbial growth. The soil was incubated for 3 weeks. 
This period is referred to as Part B. Soil water content 
was maintained at 50% WHC by weight with reverse 
osmosis water. During wheat growth (Part B), pots 
were watered daily. In Part A and in the cores in Part 
B, soil water content changed more slowly and was 
adjusted every 2-3 days.  
2.2. Analyses
Soil texture was determined by the hydrometer meth-
od (Gee and Or, 2002). Soil maximum water holding 
capacity was measured using a sintered glass funnel 
connected to a 1 m water column (Wilke, 2005). Soil 
pH was measured after 1 h end-over-end shaking in a 
1:5 soil:water ratio. Total organic carbon of residues 
was determined by K2Cr2O7 and H2SO4 oxidation by 
titration with acidified (NH4)2Fe(SO4)2.6H2O (Walk-
ley and Black, 1934). Total P in soil was determined 
by the phosphovanado molybdate method (Hanson, 
1950) after acid digestion with nitric acid-perchloric 
acid at a 4:1 ratio (Olsen et al., 1982). Total P of shoot 
and plant residues was digested with nitric acid and 
H2O2 at a 4:1 ratio and also determined by the phos-
phovanado molybdate method (Hanson, 1950). To-
tal N in straw was measured by a modified Kjeldahl 
method (Bremner and Breitenbeck, 1983).
At the end of Part A and Part B the following prop-
erties were determined. Soil available N (ammonium 
and nitrate) concentration was measured after 1h end-
over-end shaker with 2 M KCl at 1:5 soil extractant 
ratio. Ammonium-N was determined by Willis et al. 
(1996) and nitrate-N as described in Miranda et al. 
(2001). Available P in soil was extracted by the an-
ion exchange resin method (Kouno et al., 1995). This 
method was also used to determine MBP, but using 
hexanol instead of chloroform as fumigant. The P con-
centration was determined colorimetrically (Murphy 
and Riley, 1962). MBP was calculated as the differ-
ence between available P and P extracted with hexanol. 
Soil P pools were determined according to Deluca et 
al. (2015) using four  extractants in parallel, including 
10 mM citric acid, 1M HCl, 10 mM CaCl2 and 0.2 
enzyme unit phosphatase (from wheat germ) extract-
able P. Moist soil equivalent to 0.5 g dry soil were 
shaken with 10 ml of each extractant separately for 
3 hrs (DeLuca et al., 2015). P in the extracts was de-
termined by the malachite-green method (Ohno and 
Zibilske, 1991). 
2.3. Statistical analysis
Data were analysed separately for pots and cores by 
one-way ANOVA for each sampling time with Gen-
stat 15th edition (VSN Int. Ltd., UK). Tukey’s multiple 
comparison tests at 95% confidence interval was used 
to determine significant differences among treatments. 
3. Results
At the end of the 3-week incubation (Part A), the size 
of all P pools increased with P addition rate (Figures 
1, 2; for treatment names and details see Table 1). 
HCl-P was the largest pool, followed by citrate-P 
and resin P. Phosphatase P, CaCl2-P and microbial P 
were up to 10-fold lower than HCl-P. At the lowest 
P addition rate (S255 and P255), most P pools were 
similar as the control, except for MBP in S255 which 
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was about two-fold higher than the control. Most P 
pools (except MBP) were greater in P127 and P25 













In contrast, MBP at a given P addition rate was 
about two-fold higher in the straw than the fertil-
izer treatments. 
Figure 1. Concentration of P pools at the end of the three-week incubation (part A) and after five weeks growth of wheat (part B) in soil amended 
at the start of Part A with straw (S255, S127, S25) or inorganic P (P255, P127, P25). For treatments see Table 1. For each part, bars with different 













Figure 2. Concentration of P pools at the end of the first 3-week incubation (part A) and after the second 3-week incubation with straw (part B). In 
soil amended at the start of Part A with straw (S255, S127, S25) or inorganic P (P255, P127, P25). For treatments see Table 1. For each part, bars with 
different letters are significantly different (n=4, P≤0.05). Vertical lines indicate standard errors.
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After growing wheat for five weeks (Part B), HCl-P, 
citrate-P, phosphatase P, CaCl2-P in S25 and P25 were 
10-25% lower than at the end of part A with the largest 
difference in phosphatase P (Figure 1). This was also 
the case for phosphatase P in P255 and P127. Resin P 
was lower at the end of Part B than Part A in all fertil-
izer treatments. In contrast, MBP increased from Part 
A to Part B, in S25 and all fertilizer treatments. In S25 
and P25 MBP was two-fold higher in Part B than Part 
A. P pools did not change from Part A to Part B in the 
control, S255 and S127.
Shoot dry weight was about 50% lower in straw treat-
ments than the control whereas it was about 30% 
higher in the fertilizer treatments (Table 2). Root dry 
weight was lower in amended treatments than the 
control, particularly at the two highest P rates. The 
shoot/root ratio was about one in the control and was 
0.5 ¬– 0.8 and 2.0 – 2.5 in the straw and fertilizer 
treatments, respectively (data not shown). The shoot/
root ratio increased with P addition rate. Shoot P 
concentration was lowest in the control and S255. It 
increased with P addition rate and at a given P ad-
dition rate was higher in the straw than the fertilizer 
treatments. Shoot P uptake increased with P addition 
rate (Figure 3). At a given P addition rate, shoot P 
uptake was two to three-fold higher in fertilizer than 
the straw treatments. Compared to the control, shoot 
P uptake was lower in S255 and S127, 30% higher in 
S25 and about two-fold higher in P255 and P127, and 






Shoot biomass  
(g pot-1) 
Root biomass  
(g pot-1) 
Shoot P concentration 
(g kg-1) 
Control 0.73±0.06 b 0.64±0.05 b 2.32±0.03 a 
S255 0.28±0.01 a 0.61±0.02 b 2.25±0.06 a 
S127 0.34±0.02 a 0.55±0.05 ab 3.49±0.09 b 
S25 0.36±0.00 a 0.55±0.01 ab 8.02±0.13 d 
P255 1.06±0.03 c 0.52±0.00 ab 3.35±0.06 b 
P127 1.03±0.02 c 0.52±0.01 ab 3.62±0.03 b 







Table 2. Shoot and root biomass (g dry weight pot-1) and shoot P concentration in wheat after five weeks growth 
in soil amended at the start of Part A with straw (S255, S127, S25) or inorganic P (P255, P127, P25). For treat-
ments see Table 1.
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Figure 3. Wheat shoot P uptake (mg/plant) after five weeks 
growth in soil amended at the start of Part A with straw (S255, 
S127, S25) or inorganic P (P255, P127, P25). For treatments 
see Table 1. Bars with different letters are significantly differ-
ent (n=4, P≤0.05). Vertical lines indicate standard errors.
In the cores, where microbial growth was stimulated 
by addition of barley straw at the start of Part B, HCl-
P and citrate-P were about 10% lower at the end of 
Part B than in Part A (Figure 2). For HCl-P this was 
the case for all treatments, for citrate-P only for the 
fertilizer treatments, S127 and S25. In the fertilizer 
treatments, resin P was about 10% lower in Part B 
than Part A.  MBP was higher in Part B than Part 
A with a two-fold increase in all fertilizer treatments 
and S25. However, in contrast to the pots, phospha-
tase-P and CaCl2-P in S25 and P25 were up to 20% 
higher in Part B than Part A. In the control, HCl-P 
decreased from Part A to Part B whereas citrate-P, 
phosphatase-P and MBP increased. 
Available N in Part A and Part B was lower in the 
straw treatments (0.3-0.4 g kg-1) than the control and 
the fertilizer treatments (0.8-0.9 g kg-1). The pH in 
soil with straw (6.3-6.9) was higher than pH in soil 
with fertilizer (5.8-6.3), and it was about 0.3-0.5 units 
higher in Part A compared to Part B.
4. Discussion
This study showed that P addition rate had a stronger 
effect on soil P pools at the end of Part A than the 
form in which P was added. In general, the lowest P 
addition rate did not influence P pools compared to 
the unamended control except MBP in S255 which 
was higher. This indicates that the straw provided 
enough P for limited microbial uptake compared to 
the unamended soil. The size of most P pools was 
greater in P127 and P25 than S127 and S25 except 
for MBP which was smaller. Greater microbial P 
uptake in S127 and S25 compared to P127 and P25 
can only explain a small proportion of the difference 
between P127 and S127 in the other P pools. The 
greater P pools in the fertilizer treatments are likely 
due to the high solubility of KH2PO4 compared to P 
in straw. Although plant residues contain inorganic 
P (Noack et al., 2012), a large proportion is in or-
ganic form and has to be mineralised before it can 
enter the HCl-P, citrate-P, CaCl2-P and resin P pools. 
Therefore, the first hypothesis (at a given P addition 
rate, the treatments with straw will induce a higher 
concentration of phosphatase extractable P and MBP 
than the treatments with P fertilizer only) can only be 
confirmed for MBP. The higher phosphatase P con-
centration in the fertilizer treatments indicates that 
inorganic P addition stimulated synthesis of organic 
P.  Both CaCl2-P and resin P are considered to repre-
sent plant available P. But in this study, resin P was 
about four-fold higher than CaCl2-P. This is likely 
due the removal of P from the extracting solution by 
the resin which induced release of labile P from soil 
particles. When the soil is shaken with CaCl2, P will 
remain in solution and not result in a concentration 
gradient-induced release of labile P. 
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The first part of the second hypothesis (subsequent 
plant growth will induce depletion of all P pools 
whereas stimulation of microbes by straw addition 
will lead to build-up of microbial and phosphatase 
extractable P) cannot be confirmed because plant 
growth did not deplete resin P and increased MBP. 
However, the second part of the hypothesis can be 
confirmed. In the cores, where straw was added at 
the start of both Part A and Part B, phosphatase P 
and MBP where higher at the end of Part B than Part 
A. This can be explained by the second straw addi-
tion at the start of Part B which stimulated microbial 
growth resulting in higher microbial P uptake and 
phosphatase labile P (likely microbial metabolites). 
Wheat growth induced a decrease of about 10% in 
HCl-P, citrate-P and phosphatase P which can be 
explained by plant P uptake and transformation into 
other pools. Resin P did not change and CaCl2-P 
changed little from Part A to Part B. These P pools 
are considered to be plant-available (DeLuca et al., 
2015, Hedley et al., 1982) and therefore likely to be 
depleted by plants and microbes. The depletion was 
probably compensated by release of P from HCl-
P, citrate-P and phosphatase P by root or microbial 
exudates (Tarafdar and Claassen, 1988). Similarly, 
Hassan et al. (2012) reported that various legumes 
depleted P pools considered to be not readily avail-
able, probably by inducing transformation into avail-
able P pools. The strong increase in MBP from Part 
A to Part B particularly in the fertilizer treatments 
can be explained by C supply by roots (Jiang-shan 
et al., 2005). The increase was greater in fertilizer 
than straw treatments because in the latter, MBP was 
already high at the end of Part A.
In the cores, microbial growth was stimulated by 
straw addition. We had expected that MBP would 
increase more in the cores than in the pots where 
roots supplied the C. However, this was not the 
case, suggesting that supply of readily available C 
by roots and straw was similar. Mature wheat straw 
contains a high proportion of structural C which is 
only slowly decomposable and may not have been 
decomposed during the three weeks in Part B. In 
contrast to the pot experiment, resin P, phosphatase-
P and CaCl2-P increased from Part A to Part B in the 
cores. In the pots, P from these pools would be taken 
up by plants and thus removed from the soil. The 
increase in resin P and CaCl2-P in the cores suggests 
that P released from HCl-P and citrate-P remained 
available in absence of plants. The increase in phos-
phatase-P indicates formation of phosphatase-labile 
organic P by microbes. 
In the Hedley P fractionation soil is shaken se-
quentially with different extractants and it is as-
sumed that P released by the previous extractant is 
removed before the next extractant is added (Hed-
ley et al., 1982). In the DeLuca method used here, 
soil is shaken simultaneously with the different ex-
tractants (DeLuca et al., 2015). Therefore HCl-P is 
likely to include P extractable with citrate, phos-
phatase or CaCl2. As weakest extractant, CaCl2-P 
will include little or no P detectable with the other 
extractants. Unlike the original DeLuca method, 
we also measured MBP. It is a small pool (5-40 
mg kg-1), but our study shows that it is a highly dy-
namic pool that responds to P addition as well as C 
input in form of rhizodeposits or straw. The strong 
response of MBP to C input by plants or residues 
is in agreement with other studies (Bradford et al., 
2013, Malik et al., 2013). Although MBP increased 
during plant growth in our study, it is considered 
to be a potentially plant available P pool (Balota et 
al., 2003). MBP in the rhizosphere has been shown 
to correlate with plant P uptake (Solaiman et al., 
2007).Therefore it should be included in methods 
for determining biologically available P pools. 
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5. Conclusions
The study showed that P pools assessed with the De-
Luca method are influenced by P addition rate and 
can be depleted by plants and microbes. Our findings 
highlight the importance of MBP as dynamic P pool 
particularly when microbial growth is stimulated by 
root exudates or residue addition. Future studies could 
employ 33P labelled fertilizer or residues to trace 
amended P into P pools and plants. 
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Abstract
Little is known about the effect of long-term P fertilisation on soil P pools and how they are influenced by straw addition and plant
growth. Two experiments were carried out with soil which had been amended with 0, 10 and 20 kg P ha−1 for 7 years (referred to
0P, 10P, 20P). In experiment 1, soil was incubated moist for 4 months without or with 5 g kg−1 barley straw (C/P 255). Then
wheat was grown for 4 weeks. In experiment 2, wheat was grown for 5, 10 and 15 weeks. HCl P, citrate P, resin P and microbial
biomass P (MBP) were two-fold higher with 20P and 10P than 0P. After 4 months compared to 10 days, HCl P and citrate P were
25% lower with straw, but unchanged without straw. Resin P and MBP were two-fold higher. With 10P and 20P after 4-week
wheat growth, citrate P was 25% higher and HCl P 25% lower. Plant P uptake was higher with straw, In experiment 2 after 10 and
15 weeks compared to the start at 10P and 20P, HCl P and citrate P were reduced by 20%. Plant P uptake was smaller than the
decrease in HCl and citrate P. The greater P uptake bywheat in soil with straw indicates that microbial biomass P is an important P
source for plants. In P amended soil, wheat mobilised HCl and citrate P, but only took up a fraction of the mobilised P.
Keywords P pools . P uptake . Straw
1 Introduction
When P is added to soil, for example as fertiliser and manure,
only 20–30% is taken up by the plant in the first year; the rest
is fixed or precipitated into less labile P forms (Richardson
et al. 2001) through sorption and complexation in the soil.
Therefore, P concentration in the soil solution and P diffusion
rate are low (Barber 1962, 1995; Hinsinger et al. 2005; Lewis
and Quirk 1967). Due to the low P fertiliser efficiency, often
more P is added with fertilisers than crops take up resulting in
a build-up of stable soil P forms which can be leached or
removed in runoff and pollute waterways (Sharpley 1995).
In soil, P can be found in various pools that can be either
organic (Po, 20% to 80% of total P) or inorganic (Pi, 35% to
70% of total P) (Brady and Weil 2002; Harrison 1987). The
predominant forms of Pi in acidic soils are Fe or Al
phosphates, in alkaline soils Ca phosphates. The main forms
of Po are esters, phytate and soil microbial biomass (Turner
et al. 2002). The available P concentration in the soil solution
is low, ranging from 0.01 to 1 mg/l in fertile soils. Therefore,
microorganisms and plants have developed a wide range of
strategies to enhance P availability (Jones and Oburger 2011).
Microorganisms and plant roots can increase P availability by
acidification or exudation of organic acid anions and phospha-
tases. Plant roots may also form mycorrhizal associations
(Ryan et al. 2001; Iyamuremye and Dick 1996).
The effect of plants on soil P pools has been studied (Guo
et al. 2000; Nuruzzaman et al. 2005; Nziguheba et al. 2000).
For example, legumes can mobilise stable soil P, which is
thought to be due to organic acid release by roots (Hassan
et al. 2012). We showed recently that wheat growth induced
the depletion of various P pools in a soil to which inorganic P
was added (Hoang and Marschner 2017). Long-term studies
can be used to investigate nutrient cycling and understand
turnover of nutrients. There have been many field-based
long-term studies on soil P fractions using Hedley fraction-
ation, yield or P uptake (Zhang andMacKenzie 1997; Laboski
and Lamb 2003; Wang et al. 2007; Eichler-Löbermann et al.
2007). Hedley et al. (1982) reported that 52% of stable P and
22% of total Po was lost after 65 years of wheat-fallow
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cropping without fertiliser addition. Organic amendments
such as crop residues affect the transformation of P pools
and P availability based on their C/P ratio. Crop residues with
C/P > 200 induce net P immobilisation and depletion of P
pools, whereas residues with lower C/P ratio increase P avail-
ability and P pools (Alamgir et al. 2012). There may be a
period of several months between harvest of one crop and
sowing of the next, but little is known about P pool transfor-
mations during this time particularly in soil from long-term
fertiliser trials. Further, little is known about P pools during
cereal growth. Farmers usually apply fertilisers over many
years. Compared to short-term P amendment experiments
(one or two crop growth periods), long-term trials are likely
to particularly stimulate more stable inorganic and organic P
pools and better reflect P availability to crops.
The aim of this study is to assess P pools in soil from a
long-term trial where P was added for 7 years (i) after 4-month
moist incubation with and without straw compared to 10 days
and after subsequent plant growth and (ii) after 4-month plant
growth.
The hypotheses were as follows: (1) changes in P pools will
be greater in soil with long-term P addition than in the
unfertilised control; (2) incubation with straw will increase
microbial biomass P, reduce particularly resin P, but also cit-
rate P and HCl P compared to the treatment without straw; (3)
P pools will be depleted during plant growth.
2 Materials and Methods
2.1 Soil
The trial was set up at BCG Farming Systems Site, Jil Jil,
22 km north of Birchip, Victoria, Australia (latitude 35° 58′
S, longitude 142° 54′ E). The soil is classified as Calcarosol in
Australian Soil Classification. Three rates of P (0, 10 and
20 kg P ha−1) were applied annually to the same plots from
2003 to 2011 (referred to as 0P, 10P and 20P hereafter). Each
year, a base rate (5 kg P ha−1) of mono-ammonium phosphate
(N10:P22:K0:S1) was applied to 10P and 20P. Triple super-
phosphate (N0:P22:K0:S1) was then applied to adjust the P
rate to 10 and 20 kg P ha−1 without adding further N. To
ensure the N rate was the same for all treatments, urea was
applied at 5 kg N ha−1 to 0P. The trial began in 2003 after 2-
year fallow, since then has followed a typical Mallee rotation
for this soil type (Gabb et al. 2011). Yield was about 30%
higher in 10P and 20P than 0P, and in some years, yield was
higher in 20P than 10P.
Soil samples were collected in 2010 and 2011. Ten samples
per treatment were collected randomly, using a 2.5-cm diam-
eter soil corer to a depth of 10 cm. The soil was air-dried and
stored in the dark. Samples from both years were pooled and
then used for the experiment. The soil has the following
properties clay 1%, silt 50%, sand 49%; pH 8.2 (1:5
soil:water); total organic C 1.3 g kg−1, maximum water–
holding capacity 357 g kg−1.
The properties of the mature barley straw (dried, finely
ground and sieved to particle size of 0.25–2 mm) used in this
experiment were as follows: total P 1.6 g kg−1, total N
4.3 g kg−1, total C 408 g kg−1, C/P ratio 255.
2.2 Experimental Design
The soil from each P rate was incubated for 10 days at 50%
maximum water–holding capacity after which baseline P
pools and available N were measured. Then two experiments
were carried out. The aim of experiment 1 was to evaluate P
pools in long-term fertiliser soil after 4-month incubation
without or with barley straw and subsequent plant growth.
The soil was incubated at room temperature for 4 months at
50% water–holding capacity without or with 5 g kg−1 barley
straw. After 4 months, P pools and available N were measured
and soil was placed in pots (400 g dry soil equivalent per pot)
and planted with 10 pre-germinated wheat seeds (Triticum
aestivum L., var. Axe). Wheat was grown for 5 weeks in a
glasshouse. The aim of experiment 2 was to assess the impact
of plant growth to maturity on soil P pools. Wheat was grown
in un-amended soil for 5, 10 and 15weeks. The temperature in
the glasshouse during the experiment ranged from 25 to
35 °C. Throughout both experiments, soil water content was
maintained at 50%WHC by weight and adding reverse osmo-
sis water if necessary. During wheat growth, pots were
watered daily. Soils were analysed for N and P pools after
10 days and after 5, 10 and 15 weeks.
2.3 Analyses
Soil analyses were carried out as described in Hoang and
Marschner (2017). Briefly, soil texture was measured by the
hydrometer method (Gee and Or 2002). Soil maximum
water–holding capacity was determined using a sintered glass
funnel connected to a 1-m water column (Wilke 2005). Soil
pHwas measured after shaking soil in a 1:5 soil:water ratio for
1 h. Resin P was determined using anion-exchange resin
membrane converted to bicarbonate form; microbial biomass
P (MBP) was measured with the same method by adding
hexanol as fumigant (Kouno et al. 1995). The P concentration
was determined colorimetrically (Murphy and Riley 1962).
MBP was calculated as the difference between anion ex-
change P without hexanol (resin P) and P extracted with
hexanol. Ammonium-N was determined by Willis et al.
(1996) and nitrate-N as described in Miranda et al. (2001).
Available N is the sum of nitrate and ammonium-N.
Soil P pools were determined according to Deluca et al.
(2015) using four extractants in parallel, including 10 mM
citric acid, 1 M HCl, 10 mM CaCl2 and 0.2 enzyme unit
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phosphatase (from wheat germ) extractable P. Moist soil
equivalent to 0.5 g dry soil were shaken with 10 ml of each
extractant separately for 3 h (DeLuca et al. 2015). P in the
extracts was determined by the malachite-green method
(Ohno and Zibilske 1991).
2.4 Statistical Analysis
Data were analysed by one-way ANOVA separately for each
sampling time with Genstat 15th edition (VSN Int. Ltd., UK).
Tukey’s multiple comparison tests at 95% confidence interval
was used to determine significant differences among
treatments.
3 Results
Throughout both experiments, CaCl2 P and phosphatase P
were below detection limit.
3.1 Experiment 1
After 10 days, HCl P was twofold and citrate P was threefold
higher with 20P than 0P (Table 1). HCl P was about 10-fold
higher than citrate P. Resin P was not detectable in 0P and
similar in 10P and 20P. MBP was higher than resin P and
about two-fold higher in 10P and 20P than 0P. Available N
was about twofold higher in 10P and 20P than 0P (Table 2).
After 4-month incubation compared to 10 days, citrate P
and HCl P without straw were unchanged, but lower with
straw (Fig. 1). Both pools were higher in 10P and 20P than
0P, about threefold for citrate P and 40% higher for HCl P. HCl
P was lower with than without straw, about 10% in 0P and
25% in 10P and 20P. Citrate P was about 30% lower with than
without straw in 0P and 10P, but was not affected by the straw
treatment in 20P. Resin P was still undetectable in 0P, but
about 10-fold higher than after 10 days in 10P and 20P
(Fig. 1). Without straw, resin P was two-fold higher than with
straw in 10P and threefold higher in 20P. MBP after 4 months
was about two-fold higher than after 10 days and highest in
10P. In 0P and 10P, MBP was higher with than without straw,
25% higher in 0P and twofold higher in 10P. Straw addition
had no effect on MBP in 20P. Available N was similar as after
10 days without straw, but lower with straw (Table 2). With
straw, it was about 50% lower in 0P and 20% lower in 10P and
20P. With and without straw, available N was highest in 10P.
After 5-week wheat growth, HCl P was about 30% lower
than after 4 months (Fig. 1). It was lower in 0P than 10P and
20P. Straw addition reduced HCl P only in 20P where it was
about 20% lower than without straw. Citrate P was about two-
fold higher than after 4 months in 0P, 30% higher in 10P, but
did not change in 20P (Fig. 1). Compared to 0P, citrate P was
about two-fold higher in 10P and 20P. Straw addition reduced
citrate P by about 5% in 10P and 20P, but had no effect in 0P.
Resin P was similar as after 4 months and not detectable in 0P;
it was highest in 10P. Resin P was two-fold higher without
than with straw in 10P and threefold higher in 20P. MBP in 0P
was similar as after 4 months without straw, but about 20%
lower with straw. In 10P, MBP was lower than after 4 months,
30% without straw and 50% with straw. In 20P, MBP was
similar as after 4 months without straw, but 20% higher with
straw. P treatments did not differ in MBP without straw. But
with straw, MBP was higher in 10P and 20P than 0P.
Available N without straw was about 30% lower than after
4 months (Table 2). With straw, it was eight-fold lower in
0P, 30% lower in 10P and 50% lower in 20P. Available N
was always lower with than without straw, with greatest dif-
ferences between straw treatments in 0P. Available N was
highest in 10P.
Shoot and root biomass differed little among P or straw
treatments (data not shown). Shoot P concentration was lower
in 0P than the other two P treatments (data not shown). Shoot
P uptake was lowest in 0P (Fig. 2). Straw addition did not
affect shoot P uptake in 0P but increased P uptake in 10P
and slightly also in 20P.
3.2 Experiment 2
Before plant growth compared to 0P, HCl P and MBP were
was about twofold higher and citrate P about three-fold higher
in 10P and 20P (Table 1). At all sampling times during plant
Table 1 P pools of Birchip soil after 10-dayincubation
P rates P pool (mg kg−1) after 10 days
HCl Citrate Resin P MBP
0P 68.3a 4.3a 0.0a 0.8a
10P 114.5b 14.1b 0.4b 1.4b
20P 153.3c 13.0b 0.4b 1.7b
Table 2 Available N (mg kg−1) at 0P, 10P and 20P with/without straw
addition after 10-day and 4-month moist incubation and after 5 weeks of
plant growth (experiment 1)
Treatment Available N (mg kg−1)
P rates 10 days 4 months After 5-week plant growth
No straw 0P 99.7a 98.3b 55.1b
10P 198.9c 199.2e 179.4f
20P 168.0b 163.5d 125.5e
With straw 0P 47.0a 6.8a
10P 159.1d 103.2d
20P 142.1c 78.2c
J Soil Sci Plant Nutr
54
Fig. 1 HCl P (a, b), citrate P (c, d), resin P (d, e) andmicrobial biomass P
(f, g) after 4-month moist incubation before wheat growth (a, c, e, g) and
after 5-week growth of wheat (b, d, f, h) (experiment 1). Vertical lines
indicate standard errors. For each period, bars with different letters are
significantly different (n = 4, P ≤ 0.05)
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growth, HCl P was lowest in 0P (Fig. 3). HCl P decreased with
length of plant growth, particularly in 20P. Citrate P was three
or more fold higher with 10P and 20P than in 0P and was
lowest after 15-week wheat growth. Resin P was very low in
0P and lower in 20P than 10P. In 10P and 20P, it was more
than two-fold lower after 10 weeks than after 5 weeks and not
detectable after 15 weeks. After 10 days and 5 weeks, MBP
was highest in 0P, but after 10 and 15 weeks, it was very low
in 0P and much higher in 10P and 20P. In 10P and 20P, MBP
was higher after 15 weeks than at the earlier sampling times.
Available N was lowest in 0P at all sampling times (Table 3).
In all treatments, it was lowest after 10 weeks. Shoot and root
biomass differed little among P rates (data not shown). Shoot
P concentration in 0P was highest after 5 weeks and lowest
after 15 weeks (data not shown). After 5 weeks, shoot P up-
take was about 30% lower in 0P than with added P (Fig. 4).
But after 10 weeks, shoot P uptake was lowest with 20P,
where it was about 25% lower than 0P and 10P. After
15 weeks, shoot P uptake was 30–40% in 0P higher than with
added P.
4 Discussion
The experiments confirmed the first hypothesis (changes in P
pools will be greater in soil with long-term P addition than in
the unfertilised control). However, the second hypothesis (in-
cubation with straw will increase microbial biomass P, reduce
particularly resin P, but also citrate P and HCl P compared to
the treatment without straw) and third hypothesis (P pools will
be depleted during plant growth) can only be confirmed for
certain P pools and sampling times, e.g., citrate P was depleted
by plants after more than 10 weeks compared to 5 weeks.
Fig. 3 HCl P (a), citrate P (b), resin P (c) and microbial biomass P (d) after 10 days and after 5-, 10- and 15-week growth of wheat (experiment 2).































Fig. 2 Shoot P uptake (mg/plant) after 5 weeks (experiment 1). Bars with
different letters are significantly different (n = 4, P ≤ 0.05)
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In general, P pools, available N and shoot P concentration
were lower in 0P than when P was added during the field trial.
This suggests that 9 years lack of P addition results in deple-
tion of P pools, particularly resin P. There was little difference
between 10P and 20P, indicating that the twofold higher P
addition rate in 20P did not strongly increase P pools com-
pared to 10P. A possible reason for the lack of difference
between the two P rates is the greater plant P uptake and thus
removal of P from the soil in 20P. Between 2003 and 2011,
yield was about 30% higher in 10P and 20P than 0P, and in
some years, yield, and therefore P uptake was higher in 20P
than 10P (Table 1). This is in agreement with a 10-year study
of annual fertiliser P rates with maize using four P rates (11,
22, 45 and 90 kg ha−1) (Richards et al. 1995). In that study,
labile P (resin P and NaHCO3-Pi) increased from 22 to
90 kg ha−1, but there was little difference between 11 and
22 kg ha−1. In a short-term study of soil P pools in a loamy
sand (Alamgir and Marschner 2013) with five rates of P (0, 3,
10, 30 and 100 mg P kg−1 as KH2PO4), P pools after 42 days
of wheat growth in the control were lower than in treatments
with P addition with little difference in P pools between rates
3, 10 and 30 mg P kg−1. However, shoot P uptake in their
study did not differ between control and 3 mg kg−1 and was
higher at the higher P rates.
Compared to 10 days, the 4-month incubation without
straw had no effect on HCl P and citrate P, but had higher
resin P and MBP. The increase in resin P and MBP without
reduction in other measured P pools indicates mobilisation of
organic and inorganic P not assessed by the Deluca method. It
is also possible that the increase in resin P and MBP was due
to P flux from HCl P, but was not detectable as a decrease
because resin P and MBP are 10-fold smaller than HCl P.
4.1 Experiment 1
After 4-month incubation with straw, HCl P, citrate P and resin
P were lower than without straw, whereas MBP was generally
higher. The increase in MBP can be explained by P immobi-
lisation triggered by the addition of high C/P wheat straw
(Nguyen et al. 2016). P taken up by microbes may have come
from HCl P, citrate P or resin P. But HCl P was 20–30 g kg−1
lower with straw, whereas MBP was only 1–2 g kg−1 higher.
HCl P was likely converted into P pools not assessed by the
Deluca method such as very stable inorganic and organic P.
Plants were removed P from soil, particularly in 10P and 20P,
but resin P was similar after 4 months and plant growth for
5 weeks. This suggests that resin P was replenished from HCl
P and, in some treatments, from MBP which were both lower
after than before plant growth. Citrate P increased during plant
growth, likely due to flux from HCl P. Roots and rhizosphere
microbes may have mobilised HCl P through release of pro-
tons (Tarafdar and Claassen 1988).
Straw addition had less effect on HCl P, resin P and MBP
after plant growth than before (after 4-month incubation), like-
ly because roots supplied microbes with carbon through exu-
dates and root turnover (Jiang-shan et al. 2005). Shoot P up-
take with straw was higher than without straw as after long-
term incubation which was not expected. However, P uptake
by the microbial biomass can reduce P binding to soil particles
and biomass P can be released after biomass turnover
(Oberson et al. 2001). Although MBP is a small pool, it turns
over quickly and can therefore be a continuous source of P for
plants.
4.2 Experiment 2
In P amended soils (10P and 20P) compared to before plant
growth (after 10-day moist incubation), HCl P and citrate P
were lower after 15 weeks of wheat growth and resin P was
not detectable. This indicates the ability of wheat to access less
available P pools increases with plant age, possibly by deplet-
ing resin P and thereby inducing release from HCl and citrate
P. MBP in 10P and 20P was higher after 15 than 5 and
10 weeks which may be due to root death after and therefore
increased carbon availability. Plant P uptake was about 10-
fold lower than the decrease in HCl P and citrate P during
plant growth. This suggests that root and microbial exudates
Fig. 4 Shoot P uptake (mg/plant) after 5, 10 and 15 weeks (experiment
2). Bars with different letters are significantly different (n = 4, P ≤ 0.05)
Table 3 Available N (mg kg−1) in soil at 0P, 10P and 20P after 10 days
and after 5, 10 and 15-week plant growth (experiment 2). Values with
different letters are significantly different (n = 4, P ≤ 0.05)
Time Available N (mg kg−1)
P rates 10 days 5 weeks 10 weeks 15 weeks
0P 21.8a 5.61a 0.10a 25.93a
10P 94.27b 90.00b 77.14c 79.11b
20P 116.60c 105.93c 55.62b 116.25c
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have mobilised HCl P and citrate P which was only partly
taken up by the plants, and the rest may have been strongly
adsorbed to soil particles and thereby becoming unavailable to
plants.
Shoot and root biomass did not differ between P rates, but
shoot P concentration after 5 weeks was higher with added P
than 0P, whereas the reverse was true after 15 weeks. A pos-
sible explanation is that plants matured more quickly in 10P
and 20P than in 0P due to better nutrient supply. Therefore
after 15 weeks, they had shed leaves in the former treatments,
whereas they were still actively growing in 0P.
It should be noted that P diffusion in soil is slow. Therefore,
soil exploitation by roots is important for plant P uptake.
However, in this study, roots were found throughout the soil
in the pots and biomass did not differ among treatments, likely
because of the limited soil volume. Therefore, root growth is
unlikely to have limited P uptake. In the field on the other
hand, root penetration plays an important role for P uptake
(Bates and Lynch 1996; Gahoonia and Nielsen 2003; Bhat
and Nye 1973).
5 Conclusion
The study showed that although straw addition reduced resin
P, citrate P and HCl P after 4-month incubation, plant P uptake
after 4-week growth was greater with straw than without. This
indicates that microbial biomass P can be an important P
source for plants. Long-term P amendment resulted in an in-
crease in HCl P, citrate P and resin P. These pools decreased
during wheat growth confirming that they can be considered
to be bioavailable. However, the decrease in HCl and citrate P
was greater than plant P uptake. This indicates that plants only
took up a proportion of the P mobilised by root exudates. The
remaining P was likely converted into less available P forms.
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Abstract 
Using sewage sludge as soil amendment to provide nutrients to plants is an attractive 
alternative to inorganic fertilisers. However, the slow release of nutrients by sewage sludge 
can limit plant growth. Combined application of sewage sludge and inorganic N and P may 
provide a sustained nutrient source for plants. In this experiment in a sandy loam, the same 
amount of N and P (43 mg P kg-1 soil and 60 mg N kg-1 soil) was added in all amended 
treatments which varied in proportion of sewage sludge and inorganic N and P. Sewage sludge 
or inorganic N and P were added either alone (100S and 100F), or 75% sludge+25% inorganic 
fertiliser, 50% sludge+50% inorganic fertiliser and 25% sludge+75% inorganic fertiliser. 
Unamended soil was used as control. After amendment, wheat was grown for 5 weeks. HCl 
P, citrate P, resin P, microbial biomass P, available N and inorganic N and P in leachate were 
determined before planting and after harvest. Before planting, HCl P was about four-fold 
higher in amended treatments than the control. Compared to the control, citrate P was five 
to seven-fold higher in amended treatments. Resin P was lowest in the control, about five-
fold higher in 100S and increased with proportion of F. Leachate N was higher in amended 




with >50% S, leachate P was higher than in the control. Shoot P uptake was higher in amended 
treatments than the control, about 50% higher in 100S and 75S25F and two to three-fold 
higher in treatments with 50% F. After harvest, HCl P in amended treatments was lowest in 
100F. Citrate P was higher in treatments with 50% S than in 100F. Available N and leachate 
inorganic N were very low after harvest. Leachate inorganic P was lowest in 100S and 
increased with proportion of F. It can be concluded that combinations of sludge with inorganic 
fertiliser, particularly those with 50% N and P from sludge may be optimal because they 
increased plant P uptake but also maintained P pools while reducing potential P leached.  
Keywords: inorganic fertiliser, nutrient leaching, P pools, sewage sludge.  
4.1. Introduction 
Phosphorus (P) is essential for plant growth and crop production (Marschner, 1995), but 
fertiliser efficiency is low due to fixation of applied P (Bertrand et al., 2003).  Plant available P 
includes P in the soil solution which is immediately available; and potentially available P such 
as microbial biomass P, exchangeable inorganic P and labile organic P (Bünemann & Condron, 
2007). Rising global demand for food is expected to increase the demand for P fertilisers (Torri 
et al., 2017). However, rock phosphate reserves used for P fertiliser production are declining. 
Therefore, the recycling of nutrients from organic waste products such as farmyard manure, 
compost and sewage sludge should be considered (Scherer & Sharma, 2002). Sewage sludge 
has been used as source of P in agriculture, forestry and to improve soil properties (Frossard 
et al., 1996, Pritchard et al., 2010). It is the by-product of waste water treatment and contains 
C, N, P and other nutrients (Tian et al., 2009, Haynes et al., 2009). Phosphorus in the sewage 
sludge originates from the removal of P from water by precipitation as Fe- or Al-bound 




However, sludge can also contain contaminants such as metals and organic pollutants 
(pesticides, polychlorinated biphenyls, polycyclic aromatic hydrocarbons) which can have 
adverse effects on fauna and flora (Dean & Suess, 1985, Harrison et al., 2006). In Australia, 
the use of sewage sludge is controlled by guidelines which specify safe concentrations of 
metals, such as zinc, copper and cadmium.  
Amendment of soil with sewage sludge  can increase P availability by releasing P and by 
decreasing soil P sorption capacity (Siddique & Robinson, 2003). Inorganic P in sewage sludge 
may be soluble or bound to oxides and hydroxides of Al, Fe, Mn (González Medeiros et al., 
2005). The organic P forms in sewage sludge include inositol phosphate, phospholipids, 
nucleic acids, phosphoproteins and various sugar phosphates (Maguire et al., 2001, Frossard 
et al., 1994). Huang et al. (2008) found that the main P fraction was HCl-P (35%) followed by 
NaHCO3-P (20%), water soluble P (12%) and residual P (11%). He et al. (2010) reported that 
organic P accounted for 24% of total P and 45% in HCl fraction. In a study of P leaching in soil 
amended with fertiliser and sewage sludge, Siddique et al. (2000) found that the cumulative 
amount of P leached from soils amended with fertilisers was higher than with sewage sludge. 
This can be explained by the slower release of nutrients from organic amendments than 
inorganic fertiliser (Lu et al., 2012, Ahmad et al., 2008). To improve nutrient availability to 
crops and plant growth as well as to promote the proper recycling of renewable organic waste 
(Meade et al., 2011), organic amendments can be combined with inorganic fertiliser (Suge et 
al., 2011, Schulz & Glaser, 2012, Meade et al., 2011). However, little research has been carried 
out with sewage sludge combined with inorganic fertiliser. Therefore the aim of this 
experiment was to assess the effect of the combination of sewage sludge and inorganic 
fertiliser on soil P pools, P leaching and plant P uptake. We hypothesised that (i) compared to 




amendment, (ii) in sludge treatments, pools will change less after planting of wheat than with 
fertiliser only because sludge P is continuously released during decomposition, and (iii) in the 
combined treatments, P pools, P leaching and wheat P uptake will increase with proportion 
of fertiliser. 
 4.2. Materials and methods 
4.2.1. Soil and sewage sludge  
Sandy loam was collected at 0-10 cm from Monarto, SA (35o 04’ S 139o 07’ E), air-dried at 40oC 
and sieved to > 2 mm prior to the experiment. The properties of the soil are: sand 75%, silt 
17%, clay 9%,  pH (1:5) 7.5, total P 127.9 mg kg-1,  total organic C  6 g kg-1, total N 0.5 g kg-1,  
maximum water-holding capacity (WHC) 118 g kg-1. Dried and crushed sewage sludge 
obtained from Bolivar Waste Water Treatment Plant was sieved to 0.25-2 mm particle size. It 
had the following properties: total P 5.7 mg kg-1, total organic C 6.4 g kg-1, total N 7.8 g kg-1. 
Other properties of the sewage sludge are listed in Table 1. The sludge meets EPA guideline 
on land and groundwater issues. 
4.2.2. Experimental design 
The experiment included six treatments with four replicates each. The sewage sludge 
application rate of 10,000 kg ha-1, equivalent to 7.7 g kg-1 soil, was selected because it is 
commonly used by Australian farmers. The amount of P and N added in all amended 
treatments was 43 mg P kg-1 soil and 60 mg N kg-1 soil. The control was unamended soil. The 
amended treatments included sewage sludge alone, inorganic N and P alone (KH2PO4 + KNO3) 
and the same rate of P and N added as sludge + inorganic N and P at different proportions: 
75% sludge+25% inorganic fertiliser (75S25F), 50% sludge+50% inorganic fertiliser (50S50F) 




Sewage sludge and inorganic fertilisers were mixed thoroughly into the dry soil (400 g dry 
weight equivalent). Then, reverse osmosis (RO) water was added to adjust the soil water 
content to 75% of maximum WHC  which is the optimum water content for microbial activity 
in soils of this texture according to Alamgir et al. (2012) . Soil (400 g) was placed into 1 L pots 
lined with plastic bags. Ten germinated wheat seeds (Triticum aestivum L., variety Mace) were 
planted in each pot and grown in the glasshouse for 5 weeks. After 1 week, the plants were 
thinned to 9 plants per pot. The temperature in the glasshouse during the experiment ranged 
from 25 to 35oC. Soil moisture was maintained at 75% of maximum WHC by weight with RO 
water. 
To determine N and P leaching immediately after amendment and after plant growth, 30 g 
soil was placed into PVC cores with a mesh bottom (3.7 cm diameter, 5 cm height and a 7.5 
µm nylon net base) and packed to a bulk density of 1.3 g cm-3. Then 20 ml of RO water was 
added in 5 ml aliquots which stimulated rainfall of 18.6 mm. Among additions, the water was 
allowed to drain from the surface before the next aliquot was added. Sufficient water was 
added to generate leachate out of the lower end of the cores which was filtered before 
measurement of inorganic N and P.  
4.2.3. Analyses 
Soil analyses were carried out as described in Hoang and Marschner (2017). Briefly, soil 
texture was measured by the hydrometer method (Gee & Or, 2002). Soil maximum water-
holding capacity was determined after (Wilke, 2005). Soil pH was measured after shaking soil 
in a 1:5 soil:water ratio for 1 h. Total organic C in sewage sludge was determined by wet 
oxidation and titration (Walkley & Black, 1934). For total P, shoot and sewage sludge were 




molybdate method (Hanson, 1950). Total N in soil and sludge was measured by a modified 
Kjeldahl method (Bremner & Breitenbeck, 1983).  
Soil P pools were determined based on DeLuca et al. (2015) with some modifications. Soil was 
extracted by shaking a 0.5 g dry soil for 3 h separately with 10 ml of 1 M HCl or 10 mM citric 
acid. Instead of using 10 mM CaCl2, available P was measured with anion exchange resin 
method (Kouno et al., 1995). Microbial biomass P (MBP) was measured with the same method 
by adding hexanol as fumigant (Kouno et al., 1995). MBP was calculated as the difference 
between available P and P extracted with hexanol. In previous experiments, phosphatase P 
concentration was low and variable therefore it was not measured it in this study. P 
concentration in the extracts  was measured colorimetrically (630 nm) using the malachite-
green method as described in Ohno and Zibilske (1991).  
Available N (ammonium and nitrate) was measured after 1h end-over-end shaker with 2 M 
KCl at 1:5 soil extractant ratio. Ammonium-N was determined by Willis et al. (1996) and 
nitrate-N as described in Miranda et al. (2001).  
Inorganic N and P in the leachate were measured using the same analytical methods as for 
available N and available P. Leachate N and P are expressed in mg kg-1 soil which was 
calculated as [P/N concentration in leachate x leachate volume]/g soil in the column 
multiplied by 1000.  
4.2.4. Statistical analysis 
There were four replicates per treatment. Normal distribution of the data was tested by the 
Shapiro- Wilk test. The data of P pools was log10 transformed to achieve normal distribution. 
One-way ANOVA was used to analyse the data for each sampling time separately with Genstat 




was used to determine significant differences among treatments. For each treatment, two 
sample t-test was carried out to determine significant differences of between the two 
sampling times. 
4.3. Results 
Before planting, HCl P was about four-fold higher in amended treatments than the control 
(Fig. 1a). Compared to the control, citrate P was about five-fold higher in amended treatments 
(Fig. 1c). Resin P was lowest in the control, about five-fold higher in 100S and increased with 
proportion of F; it was 15-fold higher than the control in 50S50F and 25-fold higher in 100F. 
MBP was lowest in 100F (Fig. 2a) where it was 30% lower than the control. MBP was 75% 
higher than the control in 100S and 75S25F. Available N was not detectable in the control, in 
the amended treatments it was lowest in 100S, increased with proportion of F and was about 
four-fold higher in 100F than 100S (Table 4). 
Compared to the control, inorganic N in leachate was about 30% higher in 100S, two-fold 
higher in 75S25F and 50S50F, and four-fold higher in 25S75F and 100F (Fig. 2c). Inorganic P in 
leachate which was two orders of magnitude lower than leachate inorganic N differed little 
between control and treatments with 50% S (Fig. 2e). Compared to the control, inorganic P 
in the leachate was about two-fold higher in 25S75F and five-fold higher in 100F. 
Shoot biomass was highest in 50S50F and 25S75F where it was about 50% higher than the 
control (Table 3). It differed little among the other treatments. Root biomass was up to two-
fold higher than the control in treatments with 50% F. Shoot P concentration was higher 
than the control in all amended treatments, with the greatest increase in 25S75F where it was 




treatments than the control, about 50% higher in 100S and 75S25F and two to three-fold 
higher in treatments with 50% F.  
After harvest, HCl P was lowest in the control (Fig. 1b). Among amended treatments, HCl P 
was lowest in 100F, two-fold higher in 25S75F and about three-fold higher in treatments with 
50% S. Compared to before planting, HCl P after harvest was 10% higher in 75S25F and 
50S50F, but two-fold lower in 100F and four-fold lower in the control. Citrate P after harvest 
was lowest in the control and four to five-fold higher in the amended treatments (Fig. 1d). 
Among amended treatments, it was about 20% higher with 50% S than 25S75F and 100F. 
Compared to before planting, citrate P after planting remained unchanged in the control, but 
generally decreased in the amended treatments by about 10%. After harvest, resin P was 
lowest in the control and was between five and twenty-fold higher in the amended 
treatments (Fig. 1f). Compared to 100S, resin P was two-fold higher in 75S25S, three-fold 
higher in 50S50F and four-fold higher in 25S75F and 100F. Compared to before planting, resin 
P after harvest was 20% lower in 100F and 75S25S, but had changed little in the other 
treatments. MBP after harvest was lowest in 25S75F and about five-fold higher in the other 
treatments (Fig. 2b). It was 20-30% lower than before planting in most treatments except 
100F where it was 30% higher. Available N and leachate inorganic N after harvest were very 
low (Table 4, Fig. 2d). Leachate inorganic P after harvest was lowest in 100S and about two-
fold higher in control and 75S25F, four-fold higher in 50S50F and more than six-fold higher in 
25S75F and 100F (Fig. 2f). Leachate inorganic P differed little between before planting and 
after harvest in control, 100S and 75S25F, but it increased compared to before planting by 





The experiment showed that sewage sludge alone increased soil P pools, but only slightly 
increased plant growth and P uptake compared to the unamended control. This is in contrast 
to field experiments where sewage sludge increased plant growth, yield and nutritional 
quality (Sharma et al., 2017, Singh & Agrawal, 2008). The lack of sewage sludge effect on plant 
growth may be due to the short duration of the present experiment or the sewage sludge 
rate.   
Combinations with inorganic N and P and 50% N and P from sludge increased P pools as well 
as plant P uptake compared to sludge alone while reducing potential N and P leaching 
compared to inorganic N and P alone.  
Before planting 
The first hypothesis (compared to fertiliser addition, most P pools (except MBP) and N and P 
leaching will be lower with sludge amendment) has to be declined for HCl P and citrate P 
because all amendments increased HCl P and citrate P compared to the control to the same 
extent. The increase of HCl P and citrate P by sewage sludge can be explained by two factors. 
The measured HCl P and citrate P may come in part from sewage sludge itself as it contains P 
bound to Fe and Al (Ahmad et al., 2019, González Medeiros et al., 2005). This is likely the 
reason for the high HCl and citrate P measured shortly after amendment. Over time, P release 
from sludge as inorganic P may have been bound to soil particles and thus become HCl and 
citrate extractable P. However, this release seems to have been small as HCl and citrate P 
changed little over time in the treatments with high proportions of sewage sludge and resin 
P remained low. This is in agreement with previous studies which also showed that available 




The higher MBP before planting in all treatments with sludge than 100F can be explained by 
the addition of microbial biomass with the sludge (Sanchez-Monedero et al., 2004). Other 
studies also showed that sewage sludge amendment increased MBP (Andriamananjara et al., 
2016a, Houben et al., 2019).   
Inorganic N and P in leachate were highest with 100F because of the addition of soluble N and 
P in 100F. Leachate N and available N decreased with proportion sludge in the combined 
treatments because soluble N was added with the fertiliser whereas a large proportion of N 
in the sludge has to be mineralised before it becomes available or can be leached.  
After harvest of wheat 
The second hypothesis (in sludge treatments, pools will change less after planting of wheat 
than with fertiliser only because sludge P is continuously released during decomposition) can 
be confirmed.  
HCl P changed little between before planting and after plant growth in treatments with 
sludge, but decreased by about 50% in 100F. The decrease of HCl P in 100F can be explained 
by direct mobilisation of HCl P by protons released by roots (Tarafdar & Claassen, 1988) or 
depletion of resin P which would trigger release of HCl P. Another possible reason for the 
decrease is the conversion of HCl P into P pools not assessed by the Deluca method. The lack 
of change in HCl P in treatments with high proportions of sewage sludge indicates that little 
of HCl P contained in the sludge was released during the experiment.  
The reduction of citrate and resin P after plant growth, particularly in treatments with high 
proportions of fertiliser P. However even in these treatments, the reduction in resin P and 
citrate P over time was much greater than P uptake by plants. This indicates that most of the 




treatments with high proportion of sewage sludge, the decrease in citrate P and resin P was 
smaller than in 100F which can be explained by the poorer plant growth and continuous 
release of small amounts of P from the sewage sludge. Uptake by soil microbes of P released 
from sewage sludge over time (Torri et al., 2017) may explain why MBP did  not change over 
time in 100S. Another reason could be that microbial biomass in the sludge remained stable 
because the sewage sludge provided a continuous source of available OC. However, in the 
other treatments with sewage sludge, MBP was lower after plant growth than before 
indicating that turnover of microbes in the sewage sludge was not compensated by P uptake 
by soil microbes, possibly due to the lower OC availability in these treatments compared to 
100S. The roots of the growing wheat plants apparently could not supply sufficient C to 
maintain a high microbial biomass, possibly due to the relatively low root density.  
The third hypothesis (in the combined treatments, P pools, P leaching and wheat P uptake 
will increase with proportion of fertiliser) can only be confirmed for resin P and leached 
inorganic P. Shoot P concentration and P uptake were highest in 25S75F which suggests that 
a combined treatment where a small proportion of N and P are supplied by sludge is beneficial 
for plant P uptake. This may be because the fertiliser supplied large amounts of N and P for 
initial growth as evident in the high resin P and leachate P before planting. However, later the 
sludge provided a longer lasting P source as suggested by the higher HCl P and resin P in 
25S75F than 100F after plant growth. The low MBP in 25S75F after plant growth indicates 
high microbial biomass turnover which may also supply P for plants. Another possible 
explanation for the low MBP is the high plant P uptake which could limit uptake of P by 
microbes. In treatments with 50% sludge, insufficient supply of plant available P from the 
amendment was apparently limiting plant P uptake. With 100F, the initially soluble P may 




Before planting and after wheat growth, inorganic P in the leachate was higher in 100F and 
25S75F than treatments with 50% S which shows that even after plant growth some fertiliser 
P was still soluble. In the combined treatments, leachate inorganic P was up to two-fold higher 
after wheat growth than before planting which indicates that a proportion of P released from 
sludge during plant growth was water soluble. However, leachate P concentration was very 
low which explains why in treatments with 50% S the increase in leachate P concentration 
did not affect resin P and why plant P uptake was low. 
The very low available N and leachate inorganic N after wheat growth can be explained by 
plant N uptake. In the treatments with sludge, mineralisation of N in the sludge was 
apparently too low to provide more inorganic N than plants could take up.  
4.5. Conclusion  
The experiment showed that sewage sludge alone may increase labile P pools, but has little 
effect on plant growth. Inorganic N and P addition on the other hand, increased available P 
and plant P uptake, but also resulted in high potential for P leaching. Combinations of sludge 
with inorganic fertiliser, particularly those with 50% N and P from sludge may be optimal 
because they increased plant P uptake but also maintained P pools while reducing potential 
P leached.  
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Figure 1. HCl P (a, b), citrate P (c, d), resin P (e, f) before planting and after plant growth in 
unamended soil or soil amended with P using different proportions of sewage sludge (S) and 
inorganic fertiliser (F). Vertical lines indicate standard errors. For each sampling time, bars 










Figure 2. Microbial biomass P (a, b), inorganic N (c, d) and inorganic P (e, f) in leachate 
before planting and after plant growth in unamended soil or in soil amended with P using 
different proportions of sewage sludge (S) and inorganic fertiliser (F). Vertical lines indicate 
standard errors. For each sampling time, bars with different letters are significantly different 




Table 1. Properties of the sewage sludge  







Nitrate + nitrite  














Total P (mg kg-1) 
added with 
sludge 









Control 0.0 0.0 0.0 0.0  0.0  
100S 7.5 43.3 60.0 0.0  0.0  
75S25F 5.5 32.5 45.0 10.8  15.0  
50S50F 3.7 21.6 30.0 21.6  30.0  
25S75F 1.8 10.8 15.0 32.5  45.0  





Table 3. Shoot biomass, root biomass (g dry weight pot-1), shoot P concentration and shoot 
p uptake (mg plant-1) in wheat after five weeks growth in unamended soil and soil amended 
with different proportions of sewage sludge and inorganic N and P fertiliser. Values with 
different letters are significantly different (n=4, P ≤0.05).  
 
Treatment 
Shoot biomass      
(g pot-1) 
Root biomass 
 (g pot-1) 
Shoot P concentration  
(g kg-1) 
Shoot P uptake 
(mg plant-1) 
Control 0.72±0.05 a 0.87±0.08 b 0.83±0.02 a 0.06±0.00a 
100S 0.80±0.03 a 0.80±0.11 a 1.27±0.03 cd 0.10±0.00b 
75S25F 1.01±0.02 b 1.00±0.03 c 1.04±0.04 b 0.10±0.00b 
50S50F 1.15±0.11 c 1.53±0.03 d 1.14±0.12 bc 0.12±0.00c 
25S75F 1.17±0.07 c 1.32±0.09 cd 1.55±0.08 e 0.19±0.01d 





Table 4. Available N concentration (mg kg-1) before planting and after plant growth in 
unamended soil and soil amended with different proportions of sewage sludge and 
inorganic N and P fertiliser. Values with different letters are significantly different (n=4, P 
≤0.05).n.d stands for not detectable. 
 
Treatment 
Available N (mg kg-1) 
before planting 
Available N (mg kg-1) 
after plant growth 
Control 0.0±0.0 a n.d 
100S 26.7±0.5 b n.d 
75S25F 36.7±3.0 c n.d 
50S50F 48.0±2.5 d n.d 
25S75F 59.4±2.6 e n.d 
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Conclusions and Future Research 
 
 
The experiments of this thesis showed how form of P amendment, P rate, organic 
amendments and plant growth influence soil P pools. The main findings are summarized in 
Figure 1. 
The effect of increasing P addition rates in combinations of straw and inorganic P was 
investigated in the experiment described in Chapter 2. All P pools except MBP increased with 
P addition rate and the relative increase was similar. This shows that added P is converted in 
various P pools, but the absolute increase was greater for HCl and citrate P than the other 
pools. Thus, P was predominately converted into these pools. MBP did not increase with P 
rate because in soils, microbial growth is mainly limited by organic C availability (Soong et al., 
2019, Tian et al., 2016, Drenovsky et al., 2004). Therefore it was higher in treatments with 
straw than with only inorganic P.  
The depletion of P pools by plants was shown in the experiments in Chapters 2 and 3, 
confirming that they are bioavailable (DeLuca et al., 2015, Hedley et al., 1982b). Plants 
strongly reduced HCl and citrate P which shows that these P pools are available to plants. 
Plants may directly access HCl and citrate P by release of protons or organic acid anions from 
roots ((Wang & Lambers, 2019)). However, they may also access these pools indirectly by 
taking up available P forms such as resin and CaCl2 P. Depletion of these pools would trigger 
the release of P from HCl P and citrate P. This latter process is indicated by the finding that 
resin P was little affected by plant growth although it is considered as readily available P form 




by release of phosphatase from roots or indirectly by increasing microbial activity and thereby 
microbial mineralisation of organic matter.  
 
In Chapter 2, straw was added to stimulate microbial growth (Takeda et al., 2009) and thereby 
investigate the effect of microbes on P pools.  Similar to plants, microbes depleted HCl P and 
citrate P. However, in contrast to the reduction of phosphatase P by plants, microbial growth 
stimulation by straw addition increased phosphatase P. This increase in phosphatase-labile P 
may be due to microbial metabolites or possibly partial mineralisation of organic matter 
which could make organic P more labile or accessible to the phosphatase enzyme. MBP was 
a small P pool, but microbial uptake could still reduce plant P availability (Richardson & 
Simpson, 2011). However, this immobilisation is transient as microbes die when organic C 
availability is low, e.g. after decomposition of added straw (Guppy et al., 2005, Jalali & 
Ranjbar, 2009, Polglase et al., 1992).  
 
The experiment described in Chapter 4 showed that sewage sludge alone is a poor P source 
for plants although it increased HCl and citrate P to the same extent compared to the control 
as inorganic P addition alone. The finding that these pools changed little during plant growth 
with only sewage sludge shows that these pools are not accessible to plants. In contrast, 
plants depleted HCl and citrate P with soluble inorganic P addition alone. It is likely that HCl 
and citrate P measured in the soil after sewage sludge addition were in the sludge itself 
whereas after inorganic P addition the added soluble P was converted into HCl and citrate P. 
These newly formed P forms may be more accessible to plants than the aged HCl and citrate 




only slightly increased P leaching compared to the control whereas inorganic P addition 
increased P leaching more than ten-fold. The experiment showed that combination of sewage 
sludge and inorganic P with 50% of N and P from sludge increased plant growth and P uptake 
but also maintained low P leaching rates. Such a combination may be particularly important 
in sandy soils where P loss via leaching can be substantial (Shober et al., 2006, 
Andriamananjara et al., 2016b). The HCl P and citrate P in the sludge may serve as a long-term 
P source for plants and may be suitable for crops with slow growth rates.  
 
However in the experiments described in Chapters 2 and 4, the proportion of added P taken 
up by plants was small. This confirms that the soils used in these experiments have a high P 
fixing capacity, i.e., added P is rapidly converted in poorly available P forms. Nevertheless, the 
capacity of plants to access HCl P and citrate P suggests that some of the less available P forms 
can become plant available, particularly when plants are grown for longer periods of time. 
This may trigger transformation of recalcitrant P pools into HCl P and citrate P. Wheat was 
grown in the experiments, but other crop species such as white lupin may have greater access 
to bioavailable as well as recalcitrant P forms because they release larger amounts of organic 






Figure 1: Effect of P amendment, plants and microbes on soil P pools. Thickness of arrows 
indicates flux size, hatched arrows indicates minor fluxes. 
 
Future research 
In the studies described in this thesis, the effect of the amendments on soil P pools and plant 
P uptake were maximised by adding the organic amendments finely ground and mixing them 
into to the soil, maintaining the soil moist using a small pot volume. In the field conditions are 
different because (i) organic amendments may be added in larger particles or left on the soil 
surface, (ii) soil water content may vary, and (iii) roots have access to a large soil volume and 




In field experiments, organic amendments could be added in different particles sizes, mixed 
into the soil or left on the soil surface. P pools could be measured at different soil depths and 
P uptake by crops over the growing season determined.  
In this thesis, soil water content was maintained at optimal level for plant growth and 
microbial activity. But this may not be the case in the field and it is known that soil water 
content influences P transformations. For example, saturation of soil can increase P 
availability by inducing anaerobic conditions which can mobilise Fe and thereby release P 
bound to Fe (Pandey & Srivastava, 2009, Ben-Gal & Dudley, 2003). However, drainage or 
leaching can remove P from the root zone (Carstensen et al., 2019, Sadhukhan et al., 2019). 
Drying of soils on the other hand, reduces P diffusion and thus P uptake by microbes and 
plants as well as P fluxes among pools (Jipeng et al., 2017). To assess the effect of soil water 
content in a field situation, there could three treatments: ambient rainfall, reduced rainfall by 
setting up roofs and increased water supply by irrigation. At different points during the 
growing season, P pools could be measured at different soil depths and P uptake by crops 
determined.  
In the experiments described in this thesis, three soils were used, but not directly compared. 
Soil properties such as texture and pH influence P pools and transformations. For example, 
sandy soils have fewer binding sites for P than clay-rich soils (Andersson et al., 2013). Thus 
more P will remain plant available in sandy than clayey soils. The type of P minerals formed 
and their solubility are influenced by soil pH (Harrison, 1982, Marschner et al., 2005). At low 
pH, Fe/Al phosphates occur whereas at high pH, Ca phosphates are formed (Penn et al., 2018) 
The stability of these minerals depends on pH, increasing the pH in acid soils or reducing it in 




Hinsinger, 2001). To better understand P transformations, future experiments could include 
addition of the same P rates and P forms to a range of soils differing in texture and pH.  
The effect of root access could be investigated by installing root barriers at different distance 
from the planted rows but applying the same amount of amendments. P pools could be 
measured at different soil depths and P uptake by crops over the growing season determined.  
In this thesis, the source of P in P pools and plants could not be determined. Future 
experiments could use 33P labelled fertilisers together with the organic amendments and then 
measure 33P in plants and soil P pools.  
Farmers often apply sewage sludge several times over the years. A long-term field experiment 
could be set up with annual sewage sludge application where crop P uptake and soil P pools 
are measured annually. Further treatments would include an unamended control and 
addition of inorganic fertilisers with P and N at the same rate as in sludge treatments. 
Additionally, farmer’s soils with known history of sewage sludge application could be 
sampled. In such a field experiments, parameters such as soil organic matter content, 
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Abstract  
Aim: Cereal straw is often left in the field after harvest and then mixed into the soil before 
sowing of the following crop. The aim of this study was to determine how combinations of 
straw and inorganic P affect soil P pools and P uptake by wheat over time.  
Methods: P was added at 64 mg kg-1 either as only inorganic P (KH2PO4) or as 5, 10, 15, or 20g 
kg-1 straw with inorganic P. After 3 weeks incubation, wheat was grown for five or nine weeks. 
P pools were measured after 3, 5 and 9 weeks 
Results: Citrate P, HCl P, phosphatase P and resin P decreased with straw rate whereas 
microbial biomass P increased. Wheat growth and P uptake were higher with inorganic P 
alone than in straw treatments. Wheat depleted citrate P, HCl P, phosphatase P and resin P 
over time.  
Conclusion: Microbial P immobilization reduced P availability for wheat throughout the 
experiment even though microbial biomass P decreased from week 5 to week 9. This suggests 
that microbial metabolites were converted into stable soil organic matter.  
 
 







Phosphorus is an essential macronutrients for plants, but its availability in soil is low because 
it is converted into stable inorganic and organic P forms which are poorly plant available 
(Richardson, 2001). Thus, P fertiliser efficiency is low and farmers often apply P in excess of 
plant demand (George et al., 2016). The current deposits used for extraction of rock 
phosphate which is then converted into P fertilisers, are limited (Walan et al., 2014). It is 
therefore important to optimise management of P fertilisation. Organic amendments can be 
nutrient sources and improve soil properties (Noack et al., 2012). The effect of organic 
amendments on nutrient availability depends on their chemical composition, in case of P, on 
their C/P ratio (Dalal, 1979, Alamgir et al., 2012). Cereal straw is often left in the field after 
harvest and then mixed into the soil before sowing of the following crop. However, mature 
straw is low in P and can result in net P immobilisation by soil microbes due to its high C/P 
ratio which results in low P availability for plants (Alamgir et al., 2012). It has been suggested 
that turnover of the microbial biomass can lead to release of immobilised P which can then 
be taken up by plants (Kouno et al., 2002). It is unclear to what extent inorganic P can be 
replaced by P from straw and how P availability changes over time during crop growth. To 
better understand the fate of P in soil, the size of various P pools can be measured. Deluca et 
al. (2015) introduced a method that can be used to determine P pools that can be mobilised 
by root and microbial exudates and can therefore assess potentially available P.  
The aim of this study was to assess how straw rate influences P pools and wheat growth when 
P is supplied at the same rate as either inorganic P alone, straw alone or combinations of 




P will increase whereas the other P pools will decrease, and (ii) depletion of P pools by plants 
will increase with plant age.  
2. Materials and methods 
2.1. Soil 
A loamy sand was collected from 0 to 10 cm on Waite Campus, The University of Adelaide, 
South Australia (Longitude 138° 38’E, Latitude 35° 6’S) which had been under permanent 
pasture over 80 years. The soil was dried at 40°C and passed through a 2 mm sieve. The 
properties of the soil are as follows: pH 6.8 (1:5 soil/water); clay 25%; sand 37%; silt 37%; total 
P 302 mg kg-1; pH (1:5) 5.6, EC (1:5) 0.1 dS m-1, total organic C 17 g kg-1, total organic N 1.5 g 
kg-1, bulk density 1.3 g cm-3, maximum water-holding capacity 349 g kg-1. The properties of 
the mature barley straw (finely ground and sieved to particle size of 0.25-2 mm) used in this 
experiment were: total P 1.6 g kg-1; total N 4.3 g kg-1; total C 408 g kg-1; C/P ratio 255. 
2.2. Experimental design 
The soil was pre-incubated for 3 weeks at 50% WHC. The experiment included 5 treatments 
with four replicates each. The control was soil with 64 mg kg-1 inorganic P only and 4 straw 
treatments (5, 10, 15, 20 g kg-1 soil) with 400g soil per pot. Then inorganic P was used to adjust 
the total P to 64 P mg kg-1 (table 1). All treatments received 80 mg N kg-1 to provide enough 
N for plants and again to those plants harvested in week 9. Residues and inorganic nutrients 






Table 1. Treatment names and barley straw and inorganic P added (mg kg-1). 
Treatment Straw rate (g kg-1) Total P added with 
straw (mg kg-1) 
Pi added with fertiliser 
(mg kg-1) 
Control 0 0 64 
Straw 5 5 8 56 
Straw 10 10 16 48 
Straw 15 15 24 40 
Straw 20 20 32 32 
Soil at 400g dry weight equivalent was placed in 500 ml pots lined with plastic bags then 
incubated in the dark at 22-25oC for 21 days to allow the formation of P pools. During 
incubation, soil moisture was maintained at 50% WHC by weight. Then, 10 and 5 pre-
germinated wheat seeds (Triticum aestivum L., variety Axe) were planted, 10 seedlings for the 
harvest after 5 weeks, 5 for the harvest after 9 weeks. The different plant number was used 
to ensure sufficient plant biomass, but also to minimize plant competition in the treatment 
where wheat was grown for 9 weeks. The pots were placed in a glasshouse with natural light 
and temperature from 25 to 30oC.  
2.3. Analyses 
Soil texture was determined by the hydrometer method (Gee & Or, 2002). Soil maximum 
water holding capacity was measured using a sintered glass funnel connected to a 1 m water 
column (Wilke, 2005). Soil pH was measured after 1 h end-over-end shaking in a 1:5 soil:water 
ratio. Total organic carbon of residues was determined by K2Cr2O7 and H2SO4 oxidation by 
titration with acidified (NH4)2Fe(SO4)2.6H2O (Walkley & Black, 1934). Total P in soil was 
determined by the phosphovanado molybdate method (Hanson, 1950) after acid digestion 
with nitric acid-perchloric acid at a 4:1 ratio (Olsen et al., 1982). For total P,  wheat shoots and 




the phosphovanado molybdate method (Hanson, 1950). Total N in straw was measured by a 
modified Kjeldahl method (Bremner & Breitenbeck, 1983) 
At the end of 5 and 9 weeks the following properties were determined. Soil available N 
(ammonium and nitrate) concentration was measured after 1 h end-over-end shaker with 2M 
KCl at 1:5 soil extractant ratio. Ammonium-N was determined after Willis et al. (1996) and 
nitrate-N as described in Miranda et al. (2001). Available P in soil was extracted by the anion 
exchange resin method (Kouno et al., 1995). This method was also used to determine 
microbial biomass P (MBP), but using hexanol instead of chloroform as fumigant. The P 
concentration was determined colorimetrically (Murphy & Riley, 1962). MBP was calculated 
as the difference between available P and P extracted with hexanol.  
Soil P pools were determined according to Deluca et al. (2015) using four extractants in 
parallel, including 10 mM citric acid, 1M HCl, 10 mM CaCl2 and 0.2 enzyme unit phosphatase 
(from wheat germ) extractable P. Moist soil equivalent to 0.5 g dry soil were shaken with 10 
ml of each extractant separately for 3 hrs (DeLuca et al., 2015). P in the extracts was 
determined by the malachite-green method (Ohno & Zibilske, 1991). 
2.4. Statistical analysis 
Data were analysed separately for each sampling time by one-way ANOVA with Genstat 15th 
edition (VSN Int. Ltd., UK). Tukey’s multiple comparison tests at 95% confidence interval was 
used to determine significant differences among treatments.  
3. Results 
HCl-P was the largest P pool (e), followed by citric acid P (b), resin P (c), MBP (a) and 
phosphatase P (d). CaCl2 P in week 0 (after three weeks incubation) was detectable only in 











Figure 1. Concentration of P pools 3 weeks incubation, after 5 weeks and 9 weeks growth of 
wheat in unamended soil (control) and soil amended with straw at 5, 10, 15 and 20 g kg-1 and 
inorganic P to a total P addition of 64 mg P kg-1. Vertical lines indicate standard errors. For 





In week 0, all P pools except MBP were highest in the control and lowest in Straw 20. In the 
straw treatments, P pool concentrations decreased with straw addition rate. Compared to 
the control, HCl, citric acid, phosphatase and resin P were between two and seven-fold lower 
in Straw 20. CaCl2 P was not detectable in Straw 10, 15 and 20. MBP increased with straw 
addition rate, it was nearly five-fold higher in Straw 20 than the control.  
After 5 weeks growth of wheat, the concentrations of HCl, citric acid, phosphatase and resin 
P were lower than before plant growth (week 0), HCl P about 20%, citrate P 25-60%, 
phosphatase and resin P 40-80%. As in week 0, HCl, citric acid, phosphatase and resin P were 
highest in the control and lowest in Straw 20. Differences among straw treatments in citric 
acid and phosphatase P were less pronounced in week 5 than week 0. However, differences 
in resin P were greater in week 5 than week 0. For example, resin P in Straw 15 was about half 
of that in the control in week 0, but about five-fold lower in week 5. Phosphatase P was not 
detectable in Straw 15 and Straw 20. MBP increased from week 0 to week 5 except in Straw 
20 where it decreased. The increase was greater in Straw 10 and Straw 15 than Straw 5. MBP 
after 5 weeks was lowest in the control and did not differ between Straw 10 and 20.  
The decrease in P pools from week 5 to week 9 was smaller than from week 0 to week 5 in 
HCl and phosphatase P in all treatments. In HCl, citrate, phosphatase and resin P the decrease 
was greater in the control than the straw treatments. In week 9 HCl, citrate, phosphatase and 
resin were highest in the control. Among straw treatments, HCl and resin P decreased with 
straw addition rate, but citric acid P differed little between Straw 5 and 10. MBP was about 
50% lower in week 9 than week 5. It was lowest in the control and highest in Straw 15 and 20.  
In week 0, available N was highest in the control. Among straw treatments, available N 




the control. In week 5, available N was very low, it was highest in the control and not 
detectable in Straw 15 and 20. After sampling in week 5, N was applied at 80 mg N/kg to 
increase plant N availability since N availability in week 5 was low. In week 9, available N was 
higher than in week 5. It was higher in the control and Straw 10 than the other straw 
treatments. Among the straw treatments, available N decreased with straw rate.  
In week 0, soil pH was 6.3-6.5 in the straw treatments and 5.7 in the control (data not shown). 
Soil pH increased in the control by about 0.6 units from week 0 to week 5 whereas it increased 
only by about 0.2 units in the straw treatments. Soil pH differed little between week 5 and 
week 9 and was similar in all treatments.  
In week 5, shoot dry weight was about three-fold higher in the control than the straw 
treatments whereas root dry weight was only about 20% higher in the control and rate 20 
than others. The shoot/root ratio was 2 in the control and about 1 in the straw treatments. 
Shoot dry weight per plant increased about three-fold from week 5 to week 9 in the control 
and Straw 5, but only about two-fold in the other straw treatments. Root dry weight per plant 
increased by about 30% in the control from week 5 to week 9, but remained unchanged in 
the straw treatments. The shoot/root ratio was 4.8 in the control, 2.7 in Straw 5 and between 
1.3 and 1.5 in Straw 10-20.  In both week 5 and week 9, shoot P uptake was highest in the 
control. In the straw treatments, it decreased with straw addition rate. Compared to the 
control, shoot P uptake in week 5 was 40% lower in Straw 5 and 70% lower in Straw 20. 
Compared to week 5, shoot P uptake in week 9 was two-fold higher in the control and Straw 
5, but changed little in the other straw treatments. Compared to the control, shoot P uptake 




Table 3. Shoot biomass, root biomass (g dry weight pot-1), shoot P concentration and shoot P 
uptake (mg plant-1) in wheat after five weeks and nine weeks growth in soil amended with 
straw at different rates and inorganic N and P and unamended soil. Values with different 




The hypotheses were (i) with increasing straw rate, microbial biomass P will increase whereas 
the other P pools will decrease, and (ii) depletion of P pools by plants will increase with plant 
age. 
The first hypothesis (with increasing straw rate, microbial biomass P will increase whereas the 
other P pools will decrease) can be confirmed. The increase in MBP with straw rate can be 




However, the increase in MBP with straw rate was smaller than the decrease in the other P 
pools. P may be bound to straw or P may have been taken up by microbes, but after cell death 
the P-containing microbial metabolites became part of the soil organic matter. Another 
explanation for the stronger decrease in the other P pools could be P uptake by the plants 
which increased with decreasing straw rate. MBP was lower in week 9 than at the earlier 
sampling times. This was most pronounced at straw rates ≥ 10 g kg-1. The lower MBP in week 
9 can be explained by depletion of decomposable C from straw. By week 5, easily 
decomposable C had likely been largely depleted. Roots may also provide decomposable C 
for microbes, but the low MBP in the control indicates that the amount of C supplied by roots 
is small. Thus in the control, microbes were probably C limited as indicated by the low MBP 
despite high concentrations of the other P pools. Available N in week 9 was lower in the 
control and straw 20 than in the other treatments. In the control, the low N availability can 
be explained by plant uptake. In straw 20, strong plant uptake is unlikely because the plants 
were very small. More likely is N immobilisation by microbes decomposing the straw 
(Cheshire et al., 1999) as it can be seen for P. This is also indicated by the decrease in available 
N concentration with increasing straw rate in weeks 0 and 9. The low N and P availability at 
straw rates 10 g kg-1 resulted in strongly reduced plant growth compared to the control 
which shows that soil microbes can outcompete plants when supplied with an organic C 
source that is low in N and P. Similar findings were reported in (Bardgett et al., 2003, Dunn et 
al., 2006, Marschner, 2008, Marschner et al., 2011). The fact that nutrient competition 
reduced plant growth for up to 9 weeks suggest that although microbial biomass P decreased, 
P remained poorly available to plants. This indicates that microbial P was converted into 
stable organic P forms (Golchin et al., 1997). Microbial metabolites are an important 




Table 2. Soil available N (mg kg-1) after 3 weeks incubation (week 0) and after 5 weeks and 9 
weeks growth of wheat in unamended soil (control) and soil amended with straw at 5, 10, 15 





The second hypothesis (depletion of P pools by plants will increase with plant age) can also 
be confirmed, but P pool depletion did not increase linearly with plant age. In the control, 
citrate P, resin P and HCl P decreased to a similar extent from week 0 to week 5 as from week 
5 to week 9 whereas in the other P pools the decrease from week 5 to week 9 was smaller 
than in the first 5 weeks. But whereas resin P and citrate P decreased by about 50% in each 
growth period, the reduction in HCl P was only about 10%. The smaller reduction in HCl P 
indicates that it is less available to plants than resin P and citrate P, but may also be due to 
the larger size of HCl P compared to resin and citrate P. Plants access resin P by taking up P 
from the soil solution which triggers the release of labile P (Hoang & Marschner, 2019). 
Organic acid anions released by roots mobilise citrate P (Jones & Darrah, 1994). In the straw 
treatments, citrate P decreased by about 50% in each growth period, but HCl P changed little 
and the reduction in resin P was greater from week 5 to week 9 than from week 0 to week 5. 
This suggests that plants in the straw treatments accessed primarily resin P after week 5. They 
may not have been able to further decrease HCl P because the remaining HCl P was too 
strongly bound to soil particles.  
week 0 5 9 
Control 107.33e±0.45 0.44b±0.06 3.36a±0.22 
Straw 5 50.81d±0.70 0.17a±0.04 45.25d±1.42 
Straw 10 20.87c±2.96 0.02a±0.00 23.74c±2.92 
Straw 15 12.34b±1.66 0.00a±0.00 13.12b±1.12 




The increase in plant biomass was greater from week 5 to week 9 than in the first 5 weeks, 
but the increase in shoot P uptake between week 0 and week 5 matched that from week 5 to 
week 9. This indicates that much of the biomass increase was in structural compounds with 
relatively low P concentration as indicated by the lower shoot P concentration in plants 
harvested in week 9 compared to those harvested in week 5.  Nutrient dilution by growth is 
common in plants (Jarrell & Beverly, 1981, Loehwing, 1953). 
At straw rates ≥ 10 g kg-1, depletion of P pools greater from week 0 to week 5 than from week 
5 to week 9 because increase in plant biomass greater from week 0 to week 5. Plants likely to 
be P and N limited after 5 weeks due to N and P immobilisation by microbes decomposing the 
straw. Addition of N in week 5 did not cause growth increase as it did in the control and straw 
5 which suggests that P limitation is the main constraint for plants. Another possible reason 
for the lack of growth increase is that the added N was taken up by microbes and therefore 
not available to plants. As with microbial P, microbial N may have been converted into stable 
organic N upon biomass turnover.    
Conclusion 
High rates of straw addition (≥ 10 g kg-1) strongly reduced plant growth even in presence of 
some inorganic P compared to the same P rate as only inorganic P. This reduction was long-
lasting although microbial biomass was lower after 9 than 5 weeks. This suggests that 
microbial metabolites were converted into stable organic P forms. The results indicate that 
addition of straw with inorganic P is not a suitable method to improve fertiliser efficiency. It 
is possible that at higher P addition rates and with the majority of P from inorganic fertiliser, 
benefits from adding straw such as improvement of soil structural stability would outweigh 
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Abstract
Compost application can increase plant nutrient availability. But the effect of compost on nutrient availability may depend on a
number of factors. In this study, the effect of application method (mulch layer or mixed into the soil) and combination with
inorganic fertiliser on soil P pools and available N was investigated. Soil was filled in microcosm with six treatments, including
control, vermicompost layer with or without fertilisers (CL, CL/F), bulk soil mixed with inorganic fertiliser alone (F),
vermicompost alone (CM) and both of inorganic fertiliser and vermicompost (CM/F). The microcosms were incubated in the
dark for 3 weeks. Citrate P, HCl P and resin P were the highest in F, but MBP was higher in CM and CM/F. Citrate P and HCl P
were about three- and six-fold higher in CM and CM/F than in CL and CL/F. Available Nwas the highest in CL/F and 20% higher
in CL than in CM. Vermicompost mixed into soil slightly increased soil nutrient availability compared to unamended soil but had
little effect when placed on the soil surface. Vermicompost mixed into soil with inorganic N and P could be used to minimise loss
of N and P after inorganic fertiliser addition and thereby provide a longer-lasting nutrient supply for plants.
Keywords Detritusphere . Inorganic fertiliser . P pools . Vermicompost
1 Introduction
The detritusphere is defined as a thin layer of soil adjacent to
organic amendments usually < 5 mm and influenced by nutri-
ents released during the decomposition of organic amend-
ments (Liu et al. 2011). The detritusphere can occur at the soil
surface under mulches or surrounding organic amendment
particles mixed into the soil. It is characterised by high con-
centrations of easily available compounds, particularly in the
early stages of decomposition of organic amendments (Poll
et al. 2010). Nutrients released during decomposition can
move from the organic amendment layer into the detritusphere
by diffusion or via fungal hyphae (Frey et al. 2003). The high
nutrient availability in the detritusphere increases the
abundance of bacteria and fungi compared to bulk soil
(Marschner et al. 2012; Kandeler et al. 1999). Nutrient avail-
ability and turnover have been studied in the detritusphere of a
range of plant residues. However, little is known about the
detritusphere of composts which are often used in horticulture
or home gardens. Compost addition to soil has been shown to
increase crop yield and extractable P in soil (Diacono and
Montemurro 2019; Saleem et al. 2017). Compared to fresh
plant residues, composts are strongly decomposed during
composting and may therefore decompose more slowly after
application than plant residues with similar nutrient concen-
tration (Masunga et al. 2016).
Decomposition rate of organic amendments and nutrient
release depend on their properties, particularly their C/N and
C/P ratio. For example, amendment with high C/N ratio (> 20)
organic amendments results in at least temporary net N immo-
bilisation (Hadas et al. 2004), whereas organic amendments
with low C/N ratio (< 20) lead to net N mineralisation
(Moritsuka et al. 2004). P availability in soil amended with
organic materials depends on their C/P ratio. Net P immobili-
sation occurs after amendment with high C:P ratio (≥ 200)
organic materials because microbes needmore P than supplied
by the organic amendment for growth (Alamgir et al. 2012;
Tian et al. 1992). On the other hand, organic amendments with
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low C:P ratio (≤ 200) induce net P mineralisation because the
amount of P released from the amendment is greater than
microbial P demand (Alamgir et al. 2012; Tian et al. 1992).
Conventional compost production involves a thermophilic
phase in which compost piles heat up to 70 °C (Atiyeh et al.
2000). During the production of vermicompost, on the other
hand, earthworms decompose organic materials such as sew-
age sludge, animals waste and crop residues with little heat
generation (Lim et al. 2015). Digestion by earthworms pro-
duces small particles of peat-like material with high water-
holding capacity and porosity, as well as a large surface area,
which can adsorb nutrients (Lim et al. 2015). Compared to
conventional compost, vermicompost may contain more nu-
trients and a larger proportion of nutrients can be present in
readily available forms such as water-soluble C, nitrate and
exchangeable P or K (Lim et al. 2015). Mixing vermicompost
in soil can increase crop yield. For example, Gutiérrez-Miceli
et al. (2007) found that tomato yield was higher in
vermicompost-amended soil compared to inorganic fertilised
soil. They suggested that the higher yield was due to increased
microbial biomass and activity as well as plant growth-
influencing substances such as plant growth hormones pro-
duced during vermicomposting. Organic amendments can be
mixed into the soil or applied on the soil surface as mulch.
Organic mulches are often used in horticulture particularly in
dry climates tomaintain soil water content, which can increase
microbial activities and crop yield (Sinkevičienė et al. 2009).
However, it is not clear (i) to which extent nutrient availability
in the soil layer adjacent to the mulch (detritusphere) differs
from unamended soil, and (ii) if nutrient availability in
detritusphere of vermicompost differs from that of mixing
vermicompost into the soil. It has been shown that the addition
of inorganic fertilisers with organic materials may increase
their mineralisation by decreasing the C/nutrient ratio (Hadas
et al. 2004). Little is known about the effect of inorganic
fertiliser amendment to soil on nutrient availability in soil with
organic materials.
To address these questions, available N and P pools in soil
after vermicompost application were determined with
vermicompost applied either as layer on the soil surface or
mixed into the soil. The aims of this study were to (1) deter-
mine if soil P pools and available N in 0–2 mm from the soil
surface are influenced by the vermicompost application meth-
od, as layer on the soil surface or mixed into the soil, and (2)
assess if the effect of vermicompost on soil P pools and avail-
able N is influenced by inorganic fertiliser addition to the soil.
The first hypothesis was that in the soil layer 0–2 mm from
the surface, P pools representing readily available and poten-
tially available inorganic P and available Nwill decrease in the
following order: compost layer with fertiliser > compost
mixed with fertiliser > fertilised no compost > compost layer
without fertiliser > compost mixed without fertiliser> control
without nutrient addition. The second hypothesis was that the
treatment effect will be greater resin P than in the more stable
P pools.
2 Materials and Methods
2.1 Soil and Vermicompost
A sandy loam was collected at 0–10 cm fromMonarto, South
Australia (35° 04′ S 139° 07′ E), air-dried and sieved to less
than 2 mm prior to the experiment. The soil has the following
properties: sand 74%, silt 17%, clay 9%, pH (1:5) 7.5, EC
(1:5) 0.02 ds m−1, total C 6.28 g kg−1, total N 0.47 g kg−1,
total P 128 mg kg−1, maximum water holding capacity
(WHC) at pF = 2.0 (− 10 kPa) 188 g kg−1, available P (resin
P) 3.35 mg kg−1 and available N (ammonium and nitrate)
19.61 mg kg−1.The properties of vermicompost (mainly earth-
worm casts sieved to particle size 0.25–2 mm) were the fol-
lowing: total C 96.7 g kg−1, total N 2.8 g kg−1, total P
3.9 g kg−1, water-extractable P 0.38 g kg−1, water-
extractable N 0.20 g kg−1, C/N ratio 35 and C/P ratio 25.
2.2 Experimental Design
The experiment included six treatments with four replicates
each (Table 1). To activate soil microbes, the air-dry soil was
rewetted with reverse osmosis (RO) water to 75% WHC
which is optimal for microbial activity in this soil and then
pre-incubated moist for 10 days at 20–25 °C in the dark. The
microcosm setup used, consisting of two PCV caps (70 mm
diameter, 20 mm height), was described in Erinle et al. (2018).
Briefly, incubated soil (equivalent to 105 g dry soil) was
placed into each cap and adjusted to bulk density of
1.4 g cm−3. The closed ends of the caps had three holes
allowing gas exchange. Then the open side of each cap was
covered by fine nylon mesh (mesh size 0.1 mm× 0.8 mm) cut
into circles with a diameter of 85 mm. In treatments with
compost layer, a thin, uniform layer of vermicompost (4.2 g
per microcosm, equivalent to 20 g kg−1, 56 mg total N kg−1,
78 mg total P kg−1) was placed on the mesh covering one cap.
Table 1 Treatment names, compost layer (CL, detritusphere) or mixed
into the soil (CM) and inorganic fertilisers mixed into the soil (F)
Treatments Compost layer Compost in soil Inorganic fertilisers
in soil
Control − − −
CL + − −
CL/F + − +
F − − +
CM − + −
CM/F − + +
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This was then covered with the mesh-covered opening of
another cap thereby sandwiching the compost between the
two meshes. The two caps were held together with rubber
bands to avoid loss of vermicompost during the experiment.
In the treatments with mixed compost, 20 g kg−1 compost was
thoroughly mixed with the soil before placing it in the caps
which were covered with mesh and pressed together as de-
scribed above. In treatments with inorganic fertilisers, NH4Cl2
and KH2PO4 were mixed into the soil at 20 kg P ha
−1 and
50 kg N ha−1 (equivalent to 154 mg P kg−1 and
385 mg N kg−1) before placing the soil in the caps. The N
and P rates represent typical farmer rates for cereals on this
soil. The control was unamended and without vermicompost
between the meshes. The microcosms were incubated verti-
cally at 20–25 °C in the dark for 3 weeks and soil moisture
was maintained at 75% WHC by checking the water content
daily by weight and adding reverse osmosis (RO) water be-
tween the meshes if necessary. After 3 weeks, the
vermicompost layer between the meshes was collected to de-
termine dry weight. Then the meshes were removed and soil
in 0–2 mm from the mesh was collected from each cap. The
soil from the 0–2 mm layers from both caps of one microcosm
was combined and thoroughly mixed. Unamended soils and
treatments with fertiliser and compost mixed into the soil were
sampled similarly.
2.3 Analyses
Soil texture was determined by the hydrometer method (Gee
and Or 2002). Soil maximum water holding capacity was
measured using a sintered glass funnel connected to a 1-m
water column (Wilke 2005). Total organic carbon in
vermicompost and soil was determined by wet oxidation and
titration (Walkley and Black 1934). Total P concentration in
vermicompost was analysed by digestion with nitric acid and
H2O2 at a 4:1 ratio followed by determination of the P con-
centration in the digest by the phosphovanado-molybdate
method (Hanson 1950). Total N concentration in the
vermicompost was measured by a modified Kjeldahl method
(Bremner and Breitenbeck 1983). Water-soluble inorganic P
and N in the vermicompost was extracted with RO water as
described in Konieczyński and Wesołowski (2007): to 1 g
manure, 30 mL of RO water was added, then shaken for 2 h
and filtered. The P concentration in extracts was measured
colourimetrically at 630 nm using the malachite-greenmethod
as described in Ohno and Zibilske (1991). Ammonium-N in
extracts was determined according to Willis et al. (1996),
nitrate-N was determined based on Miranda et al. (2001).
Soil P pools, microbial biomass N and available N were
measured after pre-incubation and 3 weeks in microcosms.
Soil P pools were measured using a modification of the meth-
od of DeLuca et al. (2015) which is based on how plant and
microbes access available and labile P pools. CaCl2 P and
phosphatase P were not determined because they were very
low in this soil (< 5 mg kg−1, Li, unpublished). Citrate acid
and HCl P mimic organic acids and protons released by roots
or microbes to access inorganic P which weakly adsorbed to
Fe/Al oxides, clay particles or present in inorganic precipitates
(DeLuca et al. 2015). Each pool was extracted by shaking
0.5 g of dry soil for 3 h with 10 ml of 10 mM citric acid and
1 M HCl separately. In addition, available P (resin P) and
microbial biomass P (MBP) were measured with the anion
exchange resin method (Kouno et al. 1995). Hexanol was
used as a fumigant (McLaughlin et al. 1986). MBP is the
difference in P concentration between fumigated and
unfumigated soil (McLaughlin et al. 1986). No correction fac-
tor was used for MBP because preliminary tests showed that
the recovery of a P spike in this soil was 98% (data not
shown). P concentration in the extracts was determined by
the malachite-green method (Ohno and Zibilske 1991).
Available N (ammonium and nitrate) was measured after ex-
traction with 2 M KCl at a 1:5 soil extractant ratio.
Ammonium-N was determined after Willis et al. (1996) and
nitrate-N as described in Miranda et al. (2001).
2.4 Statistical Analyses
All statistical analyses were carried out using Genstat 17th
edition (VSN Int. Ltd., UK). Data of P pools and available
N was analysed by one-way analysis of variance (ANOVA)
with treatment as factor. Tukey’s multiple comparison tests at
95% confidence interval were used to determine significant
differences among treatments.
3 Results
After the pre-incubation, citrate P was two-fold higher than
HCl P and MBP and four-fold higher than resin P (Table 2).
Compared to after pre-incubation (Table 2), HCl P and resin P
in the control were about 50% lower after 3 weeks in the
microcosms (Fig. 1). The dry weight of vermicompost per
microcosm was 4.0 g in CD and CD/F (original 4.2 g per
microcosm). Thus, about 5% of the compost was decomposed
over 3 weeks.
Citrate P, HCl P and resin P were highest in F, butMBPwas
higher in CM and CM/F than the other treatments. Compared
Table 2 Citrate P, HCl P, resin P, microbial biomass P (MBP)
and available N in soil in unamended soil after pre-incubation
(n = 4 ± standard error)
Citrate P HCl P Resin P MBP Available N
mg kg−1
8.2 ± 0.3 4.3 ± 0.2 1.7 ± 0.1 4.1 ± 0.2 19.6 ± 0.3
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to the control and CL, citrate P and HCl Pwere about four-fold
higher in CL/F and six to eight-fold higher in CM and CM/F
and twelve-fold higher in F (Fig. 1a, b). Resin P did not differ
between control and CL, but it was about 15-fold higher in
CL/F, CM and CM/F and 30-fold higher in F (Fig. 1c). MBP
in CL and CL/F was similar as in the control. It was about 30%
higher than the control in F and three-fold higher in CM and
CM/F (Fig. 1d). Available N was about 30% higher than the
control in F and CM, two-fold higher in CL and three-fold
higher in CL/F and CM/F (Fig. 1e). Available N was only
nitrate; ammonium was below the detection limit.
4 Discussion
The first hypothesis (in the soil layer 0–2 mm from the sur-
face, P pools representing readily available and potentially
available inorganic P and available N will decrease in the
following order: compost layer with fertiliser > compost
mixed with fertiliser > fertilised no compost > compost layer
without fertiliser > compost mixed without fertiliser > control
without nutrient addition) has to be declined for the P pools
because citrate P, HCl P and resin P decreased in the following







































































































Fig. 1 a Citrate P, b HCl P, c resin P, dmicrobial biomass P (MBP) and e
available N at after 3 weeks incubation in control, vermicompost layer
soil without or with inorganic fertiliser mixed into the soil (CL, CL/F) or
bulk soil amended with inorganic fertiliser alone (F), vermicompost alone
(CM) or with both vermicompost and inorganic fertiliser (CM/F).
Different letters indicate significant differences between treatments
(n = 4, p ≤ 0.05)
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CM and CM/F. The hypothesis can be accepted for available
N which was highest in CL/F.
The P addition rate with F was about two-fold higher than
total P added with compost. P in the fertiliser is soluble and
can therefore be quickly bound to surfaces of soil minerals
(citrate P and HCl P). On the other hand, a large proportion
of compost P has to be mineralised before it can be bound to
mineral surfaces and only a very small proportion of compost
was decomposed during the experiment (about 5%). Although
more P was added in CL/F and CM/F than F, citrate P, HCl P
and resin P were lower in CL/F and CM/F than F. Organic
compounds released from the compost such as organic acid
anions may have bound to soil particles and thereby decreased
P binding, measured as citrate and HCl extractable P (Ayaga
et al. 2006, Gerke 1993). Organic acid anions from the com-
post may also have reduced potential binding sites on the
anion exchange resin during extraction thereby reducing resin
P compared to F. These organic compounds likely prevented
an increase in citrate P, HCl P and resin P in CM/F compared
to CM although more P was added. However, citrate P, HCl P
and resin P were higher in CL/F than CL. This suggests that
the spatial separation of compost and soil with fertiliser re-
duced the relative impact of compost compounds on P sorp-
tion capacity of soil minerals and the anion exchange resin.
Nevertheless, citrate P and HCl P were lower in CL treatments
than CM treatments. This is likely because, in the soil adjacent
to the compost layer (detritusphere), organic compounds re-
leased by the compost are more concentrated than when the
compost is mixed into the soil.
The higher MBP in CM treatments than CL treatments can
be explained by direct contact of soil microbes and compost as
C source in CM whereas soil microbes are spatially separated
from compost in CL treatments. The higher MBP in CM treat-
ments is unlikely to influence the other pools because they are
an order of magnitude greater than MBP.
Fertiliser addition increased available N in the compost
treatments. This is likely due to diffusion of inorganic N from
the compost into the surrounding soil. In contrast to P which is
poorly mobile in soil nitrate, which was the main form of
available N in this experiment, has very low binding affinity
to soil particles (Kabala et al. 2017). The high mobility of
nitrate can also explain why available N did not differ between
CL and CM. Spatial separation of compost and soil in CL
would therefore have little effect on N mineralisation. The
low N availability in F may be due to denitrification which
is likely to be greater with fertiliser than compost because
compost N has to be mineralised before it can be lost via
denitrification. Ammonium added with the fertiliser, on the
other hand, would only require nitrification before it can be
denitrified. The fact that ammoniumwas below detection limit
in all treatments indicates that nitrification was rapid.
The second hypothesis (the treatment effect will be greater
resin P than in the more stable P pools) can be confirmed.
Compared to the control and CL, the relative difference of
the other treatments was two- to three-fold greater in resin P
than in citrate P and HCl P. Resin P represents immediately
available P. Any differences in P release will be more evident
in resin P which is a small, readily available P pool compared
to citrate P and HCl P which are more stable and larger.
5 Conclusion
The combination of vermicompost with inorganic N and P
could be used to minimise loss of N and P after inorganic
fertiliser addition and thereby provide a longer-lasting nutrient
supply for plants. Vermicompost used as mulch may have
little effect on nutrient availability. It may however improve
plant growth by reducing water loss and soil erosion.
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